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AUTHOR’S PREFACE. 


There appears to be scope for a suitable textbook for use by 
students pursuing a course of study in Electric Power Trans¬ 
mission at Universities and Technical Colleges. The present 
book is intended primarily to meet this need, but the practical 
side has been kept in view, and it is hoped that the subject- 
matter will also be of direct utility to designers and those 
engineers responsible for the operation of power transmission 
systems. It is not claimed that anything novel is presented 
herein, but rather that the work is a systematic exposition of 
the principles underlying the electrical design of transmission 
lines, and contains in a complete and concise form results 
hitherto recorded in a very scattered literature. 

In the treatment of the subject familiarity with the use of 
complex quantities is presupposed, as a general course in alter¬ 
nating currents can hardly be considered complete without a 
discussion of this method of calculation. A knowledge of 
hyperbolic functions is an advantage when reading Chapter V, 
but the hyperbolic method of solution can be readily used for 
the solution of problems without this knowledge in the same 
way that tables of logarithms can be efficiently employed with¬ 
out understanding their theory or method of derivation. 
Wherever possible fully-worked numerical examples have been 
introduced in order to clarify the subject. 

It is not suggested in connection with the exact mathenan 
tical methods of solution that these should be used for all iipe 
calculations. In actual practice charts and nomograms 9Xe 
often used to determine line constants, regulation, etc., and 
probably furnish results to the degree of accuracy warranted 
by the state of knowledge of the data of the problem. This, 
however, does not detract from the importance of the more 
rigorous methods, and there are many problems which cannot 
properly be solved without their assistance. As Miles Walker 
has said in connection with another branch of electrical 
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engineering, the art of the designer is to know when to 
calculate and when to use the more approximate methods. 

The author wishes to thank the following individuals and 
firms; British Insulated Cables, Ltd,, W. T. Henley’s Telegraph 
Works Co., Ltd., and Metropolitan-Vickers Electrical Co., Ltd., 
for various data; the editor of World Povjer for permission to 
reprint the substance of an article on the “Hyperbolic Method 
of Line Solution,” published by the author in the August and 
September (1924) issues of the journal; also the authors and 
publishers of the following books: Electrical Characteristics 
of Transmission Circuits (Westinghouse Technical Night 
School Press), by W. Nesbit; Electrical Phenomena in Parallel 
Conductors (John Wiley & Sons), by F. E. Pernot; Electric 
Power Transmission (McGraw-Hill Book Co.), by A. Still; 
Constant-Voltage Transmission (John Wiley & Sons), by H. B. 
Dwight; and Protective Belays (McGraw-Hill Book Co.), by 
V. H. Todd, for permission to reproduce various diagrams and 
material. The first-named book, in particular, is a mine of 
information, and should be on the bookshelf of every trans¬ 
mission line engineer. 

In preparing the book full advantage has been taken of 
the information contained in original papers widely scattered 
throughout technical literature. References to the more im¬ 
portant of these papers have been given in the hope that they 
will serve as a basis for the student’s further reading. 

As regards the illustrations practically all of these have been 
specially drawn for the book by Mr. A. Nash, Assoc.M.C.T., to 
whom the author is greatly indebted. 

Great care has been taken with the numerical work, but it 
is too much to hope that no inaccuracies have crept in, and the 
author would be grateful if readers would bring any such errors 
to his notice. 

H. WADDICOR. 

Wbmblby, Middlesex, 

January^ 1928, 
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PREFACE TO FOURTH EDITION. 

In preparing this edition the principal alterations found 
necessary have again been in connection with the section on 
Underground Cables. In particular, Chapter X, dealing with 
the thermal characteristics of cables, has been considerably 
revised in order to incorporate new data and new methods 
of calculation for the determination of current rating, these 
developments in practice being based substantially on work 
carried out during the last five years by the British Electrical 
and Allied Industries Eesearch Association. 

H. WADDICOB. 

Wembley, Middlesex, 

November, 1938. 
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sa resistance of conductor to flow of steady current (Art. 69). 
as internal radius of lead sheath. 

« ef^tive resistance of isolated conductor to flow of alternating 
current (Art. 69). 

= insulation resistance of cable (bunched conductors to sheath). 

= resistance of conductor at 0° 0. 

=3 external radius of lead sheath, 
as resistance of receiving circuit, 
ss: overall radius of cable. 

= effective resistance of single-core cable 

a: resistance of conductor 1*0 sq. in. cross-section in ohms per mile. 

R + R 

~ J—1 — mean radius of lead sheath. 

2 

= resistance of lead sheath (Art. 112). 
a; resistance of conductor at C. 

= equivalent resistance of transformer. 

= resistance of conductors in single-phase, two-phase, and three- 
phase systems of transmission respectively. 

= resistance of conductor at temperature corresponding to temperature 
rise of 6 ^ C. (including skin and proximity effect). 

3= radius of conductor. 

= resistance of conductor per unit length of line. 

= resistance of conductor per cm. (Art. 184). 

=s resistance of high-tension vending of transformer. 

= external radius of 1st layer of insulation in graded cables. 

= resistance of low-tension winding of transformer. 

=3 external radius of intersheath in graded cable. 

= 2 000 (PR + QX) , . . (Art. 26). 

= specific heat of conductor material. 

=s thermal resistanc>e between conductors and outer surface per cm. 
length of cable. 

3= thermal resistance between conductors and sheath per cm. length 
of cable. 

« thermal resistance of bedding or serving per cm. length of cable. 
=3 iuteraxial spacing of cable conductors. 

= 3 . . . (Art. 26). 

SB conductor-insulation thickness. 
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, a time in seconds or hoars, 
a belt-insulation thickness, 
a tempeiatiiie. 

a thickness of bedding between sheath and armour in S.L.*typ6 
cable. 

a temperature in degrees G. 

a voltage or potential difference between conductors. 

== ±sley . . . (Art. 41). 
a crest value of voltage between conductors. 

. a potential. 

a velocity of propagation of electric field, 
a modulus or size of line angle (Art. 49). 

a potential at cross-arm end of mth unit of suspension-insulator stri ng. 
a total dielectric losses of cable per phase, 
a hysteresis losses of cable per phase, 
a leakage losses of cable per phase, 
a reactance of conductor, 
a reactance of receiving circuit, 
a internal reactance of conductor with a steady current, 
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(Art. 69). 
a see Art. 112. 

a effective reactance of single-core cable. 

a mutual reactance between conductor and sheath of single-core 
cable. 

a equivalent reactance of transformer, 
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a reactance of conductor per unit length of line, 
a iron loss of transformer, 
a argument of sinh x^ etc. 
a interaxial spacing of grouped cables, 
a reeictance of high-tension winding of transformer, 
a reactance of low-tension winding of transformer, 
a inherent or leakage reactance of alternator. 

a component of synchronous reactance of alternator due to armature 
reaction. 

a synchronous rea.ctance of alternator, 
a admittance of conductor to neutral, 
a surge or natural admittance of line, 
a adi^ttance of receiving circuit, 
a see Art. 112. 

a primary exciting admittance of transformer, 
a primary exciting admittance of receiving- and sending-end trans¬ 
former respectively. 

a admittance of conductor per unit length of line, 
a copper loss of transformer at full load, 
a impedance of conductor, 
a surge or natural impedance of line, 
a surge or natural impedance of terminal circuit, 
a impedance of receiving circuit, 
a see Art. 112. 

a effective impedance of single-core cable 
a equivalent impedance of transformer. 

a equivalent impedance of receiving- and sending-end transformer 
respectively. 
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. ^ JmpedADoe of oonduotor per unit length of line, 

. ^ jpaaJ component of complex angle, 

= temperature ooeflfioient of resistance of copper. 

. ~ impulse ratio of spark gaps. 

. ~ temperature coefficient of resistance of copper at 0°, and C. 
respectively. 

. = imaginary component of complex angle. 

. ~ setting f^tor of spark gaps. 

. = air density factor in corona formulee. 

. = position ajigle along line at point C. 

. = position angle at receiving end of line under load and no-load 
conditions respectively. 

. = position angle at sending end of line. 

. = position angle along line at point P under load and no-load 
conditions respectively. 

. = permittivity. 

. = permittivity of 1 st, 2nd, and 3rd layers of dielectric in graded cable. 

. =5 efficiency of transmission. 

• = JZY =s complex angle of line. 

= 2ir/t (Art. 66 ). 

= temperature rise of conductors in deg. C, 

= tan ” . • • (Art. 24). 

. = temperature rise of cable conductors when running alone. 

. =s complex angle of receiving circuit under load and no-load condi¬ 
tions respectively. 

. = temperature rise of cable sheath in deg. C. 

. = argument or slope of line angle (Art. 49). 

. = temperature rise of cable conductors due to effect of neighbouring 
cable or cables. 

. = permeability. 

. = dielectric strength of Ist, 2nd, and 3rd layers of dielectric in 
graded cable. 

. == 3-14169 .... 

. = resistivity of conductor material. 

= resistivity of cable dielectric. 

. = resistivity of cable dielectric at 0 ° and 0 . respectively. 

. = impedance load to earth at receiving end of line (Art. 54). 

. ~ magnetic flux. 

. = magnetic flux surrounding a conductor (external flux). 

. = magnetic flux inside oross-section of conductor (internal flux). 

. =5 magnetic flux surrounding each cm. of conductor A due to ^4, P, 
and C in initial condition and aiter Ist and 2nd transposition 
respectively. 

. = magnetic flux between 1 conductor .4 and neutral per cm. length 
of line due to 4, B, and C respectively. 

. = phase-angle. 

. = angle of advance of charging current of cable. 

. = receiving-end phase-angle. 

. = sending-end phase-angle under load and no-load conditions 
respectively. 

. = phase-angle along line at point P under load and no-load condi¬ 
tions respectively. 

. s dielectric flux. 

. s 2irf =3 electrical angular velocity. 
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THE PRINCIPLES OF 

ELECTRIC POWER TRANSMISSION 

BY ALTERNATING CURRENTS 

CHAPTER I. 

ELEMENTARY ECONOMIC AND ELECTRICAL 
PRINCIPLES. 

I. Electrical Transmission of Power.— Compared with 
other forms of power, electric power possesses unique advantages 
for power transmission as it may be carried in far greater quantities, 
and to far greater distances, at a high efficiency. Furthermore, the 
methods of control are extremely elastic and convenient. Electric 
power, in fact, is the highest grade of power, since it can be changed 
to other forms—heat, light, mechanical power, or chemical action— 
with unparalleled directness and simplicity 

Power transmission schemes may be roughly divided into two 
types:— 

1. Schemes arising from the exploitation of water-power plants. 

2. Schemes brought into being by the linking up of generating 
stations and neighbouring supply networks. 

The first type generally necessitates the straight transmission of 
power over long distances, as water-power sources of any magni¬ 
tude are in most cases situated at a considerable distance from 
industrial centres. Hydro-electric plants usually involve a large 
initial capital outlay, but the running expenses are extremely small 
and thus permit a large economic radius of transmission providing 
that the line costs can be kept to a reasonable figure. For this 
purpose large amounts of power to be transmitted, and high line 
voltages, are essential features* 

The concentration of generating plant in large or super-power 
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stations favourably situated as regards fuel supplies, etc,, is re- 
sponsible for another type of power transniiasion which ultimately 
develops into a complete network of transmission lines. The lines 
in this case play the part of interconnectors, the flow of power 
varying in magnitude and direction from time to time according to 
the operating conditions of the network. In this case considerable 
savings can be effected owing to:— 

1. The reduced capital and running costs of a few large, as 
compared with a large number of small, generating units. In an 
interconnected system the bulk of the load can be supplied by the 
large efficient machines which are kept running more or less con¬ 
tinuously at their maximum economic rating. 

2. The lower percentage of reserve plant required on an inter¬ 
connected system. 

3. The possibility of tying together stations having different 
types of prime movers, thus enabling each station to be operated 
in the most economic manner. 

2. Systems of Transmission. —Although energy can be trans¬ 
mitted electrically either by means of alternating currents or con¬ 
tinuous currents, practically all existing transmission schemes make 
use of three-phase alternating currents. It will be shown later 
that for economy in the transmission of power, high line voltages 
must be employed, and the longer the distance of transmission the 
higher the economic voltage of the system. With alternating 
currents, no matter what the generating-station voltage, it can be 
stepped up by transformers with ease and efficiency to a high line 
voltage. At the receiving end of the line pressure transformations 
can be again effected to the voltage suitable for distribution. In 
fact the system is extremely flexible, and the distribution of power 
in scattered districts at any voltage desired by the consumer is a 
vei^ simple matter. 

([The popularity of the three-phase system of transmission rather 
than the somewhat simpler single-phase system must without doubt 
be largely ascribed to the superior operating characteristics and 
more economical design obtainable witli polyphase plant. ^ When 
applied to electric traction work, however, tlie three-phase system 
possesses a serious drawback in that two insulated conductors 
have to be provided—the rails being employed as the third phase 
conductor. The line construction at junctions and crossings is 
thus somewhat complicated. A further disadvantage of the three- 
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phase system is that induction motors are not suitable for a wide 
range of speed variation.) Single-phase power transmission has 
accordingly found a limited sphere of application in connection 
with electric traction work. By its adoption the construction of 
the line is simplified, and it is possible to take full advantage of the 
variable-speed characteristic of the single-phase commutator motor. 

As regards continuous currents, although their use would have 
important advantages for transmission work, the chief obstacle has 
been the difficulty of generating sufficiently high voltages, and of 
utilising the high-voltage energy at the receiving end of the Jine^ 
The few installations in existence using this method of transmission 
operate on the Thury constant-current system which whilst possess¬ 
ing several unique features can only be considered a partial solution 
of the problem. Further attention has been focussed on the subject 
by the invention of the transverter by Calverley and Highfield,^ 
and more recently by the rapid development of grid-controlled arc 
rectifiers of the mercury-vapour or hot-cathode type.^ Qhe success¬ 
ful development of efficient converting plant would probably lead 
to the adoption of continuous currents in cases where large amounts 
of power have to be transmitted for extremely long distances^ 

3. Typical Alternating-current Power Scheme. —Fig. 1 
gives a single-line diagram of a typical alternating-current power 
supply scheme. Generation is usually carried out at pressures of 
the order of 6 600 or 11 000 volts, though 33 000 volts has been 
utilised in one or two schemes, and has advantages where this 
voltage is also suitable for the transmission line. In most cases, 
however, the generating pressure is stepped up by transformers 
to the higher pressure required for the transmission line itself 
—this may be anything up to a couple of hundred kilovolts, de¬ 
pending to a great extent on the length of the line and the amount 
of power to be transmitted. The other end of the line terminates 
at the receiving station, this being located if possible near the centre 
of gravity of the various loads to be supplied. At the receiving 
station the voltage is reduced by step-down transformers to a value 
suitable for supplying the various substations dotted up and down 
the district. From these substations radiate the distributing mains 
to which the actual consumers are connected. In the majority of 
cases there are two distinct sets of distributing mains in use :— 

1. A high-pressure distribution system operating at about 3 300 
or 6 600 volts for power supply to large consumers. 
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£ A low-pressure distribution system from trails former stations 
installed near groups of consumera Supplies of this character are 
now standardised at 400 / 230 volts, using the line voltage for 
power and the star voltage for lighting loads. 

C) generator 

SENDING VOLTS 6 600 

1 LINE VOLTS 
110.000 


110,000 VOLTS 
35,000 VOLTS 


/wsaAaa^/v 


7 


7 


RECEIVING 

STATION 


TO SUB* STATIONS 


SUB-STATION 


1 ^ 


7 


33,000 VOLTS 
3.300 VOLTS 


HIGH PRESSURE 
DISTRIBUTION SYSTEM 
TO TRANSFORMER 
STATIONS OR LARGE 
CONSUMERS 



LOW PRESSURE 

distribution system 


Fig. 1.—Typical alternating-current power transmission scheme. 


4 . Overhead verms Underground Lines.—An underground 
system is more expensive than an overhead system designed for the 
same operating voltage, consequently lines for power transmission 
are placed overhead when the conditions are suitable. 
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Thus overhead lines are used in the following* cases:— 

1. For the extremely Jiigh pressures which must be used for 
transmitting power over long distances, wliere this method of con¬ 
struction must be used in order to provide adequate insulation for 
the conductors. 

2. For the lower pressures (where underground cables would 
also be technically suitable), when the line route runs through open 
country. 

In city areas, however, underground cables are generally em¬ 
ployed, partly to eliminate the danger to human life which would 
be present with overhead conductors, and partly to avoid the un¬ 
sightly appearance and inconvenience of pole lines running down 
the main thoroughfares. 

Hitherto the principal use of cables has been in connection with 
city distribution systems at comparatively low pressures, and only 
to a very limited extent for the straight transmission of power. 
During the last few years, however, great improvements have been 
made in the art of cable making, and cables designed for pressures 
up to 220 000 volts are now being employed. New types of cable 
have been developed which can be operated at higher electrostatic 
stre|pes and current densities, thus reducing the disparity between 
tlwicost of overhead and underground lines. It seems probable, 
therefore, that more use will be made of underground transmission 
in the future, particularly in those cases where the installation costs 
can be kept down by using mechanical excavating and cable-laying 
machines. 

5. Influence of Voltage on Amount of Conductor Material 
Required. —In most schemes 
of power transmission the cost 
of the conductor material is a 
large item in the capital ex¬ 
penditure and has to be con¬ 
sidered when fixing the line 
pressure. 

In general, in transmitting 
a given amount of power at a 
given loss over a given dis¬ 
tance, the amount of copper 
required in the conductors is inversely proportional to the square 
of the pressure employed. For if the pressure is raised m times 



Fig. 2, —Polyphase system of transmission. 
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the current in the line required to traimtrut the same amount of 
power is reduced m times, and the lino losses which are propor¬ 
tional to the product of the square of the current and the line 
resistance are reduced times. So to transmit with the same 
losses as before the resistance of the line can be increased w} times, 
that is the amount of copper in the conductors can be decreased 
times. 

This fact can also be shown very clearly as follows :— 

Let E be the voltage to neutral of an ri-phase system of trans¬ 
mission represented diagrammatically in Fig. 2. I is the current, 
lagging behind the voltage by ^ degrees on each phase of the 
system. 

Then the total power transmitted is 

^'"'^1 000^ kw. per phase. . . (1) 


If R is the resistance of each lino conductor, the power loss 
will bo 

PR 

^ “ rooo 

Substituting for 7- from equation (!) gives 

1 OOOP^E 

P ^ cf>- • • • 

The volume of copper per phase equals lA ; where I is the 
length of the lino, and A is the cross-sectional area of the con¬ 
ductors. If p is the resistivity of the copp<‘r, 

Ip 

A* 

Substituting for R in (3) gives 

1 OOOP^lp 


R 


or 


V = 


A = 


AE^ cos- 
l^OOOPHp 
pE^ cos- </>* 


Thus tlie volume of copper in each line conductor is 
\ P ]E^ C0£ 


COS*^ </) ‘ 


(4) 


the quantity in brackets being a constant for any given line and 
transmission efficiency and given amount of power to be delivered. 
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The above formula, besides showing the great saving of cop|}er 
possible by employing a high line voltage, indicates also the 
importance of working as near unity power factor as possible. 
The effect of operating at, say, 0‘8 power factor instead of uniiy» 

is to increase the amount of copper used in the ratio of 1 : 

an increase of 56 A vei*y considerable economy can be effected 
in the conductor material if a high load power factor can only be 
guaranteed. 

6 . Practical Limits of Line Voltage. —From formula (4) it 
might appear advisable to use the highest possible obtainable line 
pressures for the transmission of energy as by so doing the ex¬ 
penditure on conductors would be reduced to a minimum. On each 
particular transmission, however, there is a superior limit fixed f<Mr 
the pressure beyond which there is nothing to be gained in the 
matter of economy. This limit is reached when the saving in cost 
of conductor material due to the higher voltage is more than 
counterbalanced by (1) the increased cost of insulating the con¬ 
ductors, and (2) the increased cost of transformers, switchgear and 
other terminal apparatus, which is greater for the higher voltages. 

The determination of the best line voltage is thus essentially an 
J^onomic problem and will be discussed more fully in a later chapter. 

7 . Basis of Comparison of Systems as regards Copper 
Efficiencies. —From a technical point of view it is evident that in 
long-distance transmission lines the pressure is only limited by the 
problem of insulating the conductors against disruptive discharge, 
and hence when comparing the respective amounts of copper 
required in various systems the proper comparison is on the basis 
of equality of the maximum potential difference; that is equal 
maximum stress on the dielectric. The comparison voltage may be 
either the potential difference between any two conductors of the 
system, or the potential difference between any conductor and earth, 
depending on the character of the circuit. 

In an overhead system it is easy to avoid a discharge between 
the conductors at points intermediate to the line supports by 
suitably sparing the conductors. At the supporiing towers them- 
selv^es, the insulation hctwiicn conductors is indirectly proyided by 
insulating eaeli conductor from earth (represented by the tower 
cross-arm). Thus the disruptive stress is from conductor to earth, 
and the comparison of systems in this case has to be made on the 



8 


ELECTRIC POWER TRANSMISSION 


basis of maximum potential difference between conductor and earth 
It is usually assumed that the neutral point of the system is 
earthed, but whether or not if the system is of any considerable 
extent the neutral will bo maintained at earth potential by the 
capacitance currents flowing. 

With undergromid transmission by means of single-core cables 
or multi-core cables of the screened or S.L. type, the disruptive 
stress is from conductor to earth. Hence equality of the maximum 
potential difference between conductor and earth must again be 
taken as the basis of comparison of systems. 

In an underground transmission using multi-core belted-type 
cables the chief stress on the insulation is usually between con¬ 
ductors. Systems employing these cables must therefore be com 
pared on the basis of maximum potential difference between 
conductors. 

8 . Copper Efficiencies of Systems on the Basis of Equal 
Maximum Potential Difference between any Conductor and 
Earth. —In comparing the relative amounts of conductor material 
necessary for different systems of transmission, similar conditions 
will be assumed in each case, viz, (1) equal amounts of power 
transmitted ; (2) equal lengths of lino; and (3) equal power 1 
in the line. 

Case 1. Continuous-current. (Fig. 3 (a).)—Let Em be the 
maximum potential difference between any conductor and earth, 
and I the current. Assuming that the middle point of the system 
is earthed the line voltage is 2 jBw, the power transmitted is 2EmIy 
and if R is the resistance of each conductor the power loss is 2RP. 

Case 2. Single-phase, (Fig. 3 (6 ).)—Em again being the 
maximum potential difference to earth the R.M.S. voltage to 
earth is 

Efn 

x/2’ 

and between conductors its value is 

2Em , ^ 

or ^2Efn. 

The amount of power to be transmitted is the same as before, viz, 
2EmIi so the line current at a power factor cos </> is 

2EmT J2I 
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If Ra stands for the resistance of each conductor, the power loss in 
transmission is 


2RJJ = 


^RgP I 
COS^ ip' 


and for equality of losses 


^RgP 

cos“^ (p 


2RP or 


Ra 

R 


COS^ (p 

— 2 — 




PiQ. 3.—Transmission systems with same maximum potential above earth. 


The cross-section of each conductor and the total amount of copper 
required must therefore be 

2 

cos^ <p 

of the corresponding values in the continuous-current case. 

Case 3. Two-phase, Four-wire, (Fig. 3 (c).)—This system 
can be considered as two independent single-phase systems each 
transmitting one-half the total power. The line conductors can 
thus be reduced to one-half the size required in the single-phase 
case, but as there are now four conductors instead of two the 
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total amount of copper required will ntill be the same, or 

times the quantity used in the continuous-current transmission. 

Case 4 Two-phase, Three-wire. (Fig-. 3 (cl).)—The B.M.S. 
voltage between each outgoing conductor and the common re¬ 
turn is 

Em 

x/2’ 

and if is the current in each of the outgoing wires the total 
power transmitted is cos </>. Comparing this with the 

continuous-current case ^2EmI^ cos <f> must equal or 

cos <i>^ 

and if is the resistance of the outgoing wires, the power loss 
in each of these is Since the common return carries ^2 

times the current in each of the others, the cross-section must be 
increased in the same ratio to maintain" the same current density.. 
The resistance of this common wire is therefore 

Rp 

72 ’ 

and the power loss in it is 

The total power loss in the system is thus 

2RpIp^ + ^2Rplp^ = (2 + ^2)R^Ip\ 

Substituting in this for Ip gives the total loss as 

2(2 ^j2)RpT 

cos^ ^ 

Equating this to the power loss in the continuous-current case 
gives 

. 2JIP, or f 

COS* 0 R 2 +^2 



ETOOMIC electrical principles 


w 


The ratio of the amount of copper required in this case to tb&t 
required in the continuous-current system is therefore 

/2 +^2 \ 2 +^ 2 582 ' 

\ 2 J cos“ <f) cos^ <f>' 

Case 5. Three-phase. (Fig. 3 (e).)—The voltage to neutral 
(R.M.S.) is 

E„ 

v/2’ 


and if denotes the current in each conductor, the power trans¬ 
mitted is 


3F« 

v/2 


ly COS 


and for equality with the continuous-current system 


V2 


Ty cos <f> = 2EtnI, or ly 


h/lL 

3 cos 


If Ry is the resistance of each conductor, the total power loss is 
'dltyly'^, and substituting for ly this gives 

8RyP 

3 cos^ (f)' 

For the same transmission loss as before 


SRyP 

3 cos* <p 


= 2RP, or § 
K 


3 C08^ </) 
4 


Since, however, there are three conductors in the three-phase system 
as against two in the continuous-current system, the amount of 
copper necessary in the former case will be 

_3 2 

3 cos*^ (p ^ 2'" cos^ if) 

times the amount required by the latter 

9 . Copper Efficiencies of Systems on the Basis of Equal 
Maximum Potential Difference between any Two Conductors. 

—Equal distances and loads transmitted, and equal line losses will 
again be assumed. 

Case 1. Continuous-current. (Fig. 4 (a).)—If Vm denotes 
the maximum potential difference between the conductors it will 
also be the working voltage in this case. R and I being respectively 
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the resistance of each conductor and current flowing, the power 
transmitted is F„7, and the loss in transmission 2RP. 

Case 2. Single-phase. (Fig. 4 (6).)—In the case of the 
single-phase system the R.M.S. line voltage is 

Fm 

V2’ 



Fig. 4.—Transmission systems with same maximum potential between conductors. 


tho corresponding current 


J2I , 
> 

COS (f) ^ 


and if Ra denotes the resistance of each conductor the transmission 
loss will be 

4>RJ^ 

C().S‘^ (f>* 

For equality of loss 


4,RJ^ 

C 08 '^ <f> 


must equal 2R1\ or 


Ra __ COS“ 

R ^ 
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Thus, the single-phase system requires times as much copper 

as the continuous-current system. 

Oase 3. Two-phase, Four-wire. (Fig. 4 (c).)—A two-phase 
system with its phases entirely independent is clearly on the same 

2 

footing as the single-phase system and will also require —^ times 

as much copper as would be necessary on a continuous-current 
system. 

Case 4. Two-phase, Three-wire. (Fig. 4 (d).)—The maximum 
voltage, Vm, here occurs between the two outgoing conductors : the 
maximum voltage per phase is therefore 

v/2’ 

and tlio R.M.S. voltage per phase 

Vm 
2 ’ 

If denotes the current in each of the two outgoing wires the 
total power transmitted is Vml^ cos Hence cos must 

equal or 



Supposing the common return to be worked at the same current 
density as tl»e othei’ two conductors (t*ach oT which has a resis¬ 
tance li^), its resistaneci is 

Rp 

_ x/2 

and thc‘ curnsit flowing in it is 

^21 

cos 

Hence the total loss in transmission is 

2RpP ^ J2R^P + ^2)RpP 

cos'-^ (f> COS" <f) COS“ (f) 

and for equality of loss 

(2 + J2)R^P ^ 2 / 2/2 ^ 2 cos- </> 

COS- (p ^ ' R '2 + ^2* 
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Thus the ratio of the amount of copper required in this case to 
that required in the continuous-current system is 




^ _ 2-91 
2 cos-^ (f> 

Case 5. Three-phase. (Fig. 4 (e ).)—Finally considering the 
case of the three-phase system, since the R.M.S. voltage between 
conductors is 

v/2 

the total power transmitted is 


n/2 


F„/y cos <t> 


where L is the lino current. Hence 


must equal Vml, or 


cos <!> 


^3 cos (f> 


If Ry is the resistance of each conductor the loss in transmission 
is 

^ ^ cos- <f) 

so that for equality of power loss 

2RyI‘‘ cynj'y 2 A 

—}-r = 2RT. or ~ = cos^ d>. 

As three conductors are required in the three-phase system, as 
against two in the continuous-current case, the ratio of the amounts 
of copper required is 

1 ^ 

cos‘^ (p' 


10 . Results of Comparison of Systems. —The results ob¬ 
tained above are summarised in Table 1:— 
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Table 1. —Copper Efficiencies of Various Systems of 
Transmission. 



Amount of Conductor Material required. 

System. 

On Basis of Maximum P.D. 

On Basis of Maximum P.D. 


between Conductor and 

between any Two 

1 

Earth. 

Conductors. 

Continuous-current . 

Unity 

Unity 

Single-phase 

2 

— 5 — units 
cos-' tp 

units 

cos- <p 

Two-phase, Four-wire 

2 

cos^ <p ** 

2 

COS^ {p ** 

Two-phase, Three-wire 

5*82 

2'91 

COS^ <p ” 

COS^ <p 

Three-phase 

2 

1-5 

cos^ <p 

cos* <p ** 


The great economy of conductor material possible by adopting 
the continuous-current system is clearly shown, particularly when 
it is remembered that the power factor of an alternating-current 
system is usually considerably less than unity. 

The two-phase three-wire system is obviously quite unsuitable 
for long-distance transmission and needs no further consideration. 

Considering the other alternating-current systems among them¬ 
selves, it will be noted that there is a decided saving in copper 
with the three-phase system in the cases compared on the basis of 
equal maximum potential difference between conductors. In the 
case where the maximum potential difference between conductor 
and earth is the criterion, the three-phase system has no superiority 
over the single-phase or the two-phase four-wire system. 

As previously pointed out the single-phase system is rarely used 
for general power supply purposes owing to the greater convenience 
and efficiency of polyphase plant, and comparing the two-phase 
four-wire and three-phase systems amongst themselves the latter 
has the advantage of only requiring three conductors instead of four. 

II. Transmission Voltages in Use. —In Great Britain there 
are no water-powers of any considerable magnitude except tidal 
energy, and the latter is still of nroblematical utility. Energy is 
generated in coal-burning stations, and areas of supply are small 
as most of the industrial areas are situated on the coalfields. This 
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fact to a very large extent obviates tlie necessity for long-distance 
transmission of power. There is also no doubt that the growtli 
of overhead transmission lines has been liindered by legislative 
restrictions, and the difiieiilty and delay experienced in securing 
suitable rights of way. The most iniportant dev(‘lopment has been 
the Government super}X)wer sclieme which lias involved the con¬ 
struction of a primary liigli-tension network or “grid” covering 
the whole country, and operating at 182 kV. A fairly extensive 
secondary system of lower voltage lines to work in conjunction 
with this network has also been brought into being. 

In the Britisli Dominions overseas there are many high-voltage 
transmission systems in operation. Cana<la, Australia, New Zealand, 
South Africa, and India furnish instances of lines emplo 3 dng pres¬ 
sures of 80 to 182 kV., and the Irish Free State is utilising the water¬ 
power of the Shannon which involves transmission at 100 kV. 

On the continent of Europe and in many oilier parts of the 
world, transmission schemes—-often associated with water-power 
—are too numerous to mention, and line voltages range chiiifiy 
from 60 to 150 kV. In siweral countri(‘s, Government schemes have 
been actively developed for the co-ordination c)f electricity suppl}^ 
stations by means of interconnected high-tension lines. Examples 
of these superpower schemes are to be found in Germany, France, 
Italy, and Sweden where many new lines have binm constructed 
for operation at 220 kV., the line (l(‘sign, in one case at least, being 
such that an ultimate pressure of 880 kV. can Im‘ used if necessary. 

Undoubtedly the most striking (vxamph^s of powe]* ti*ansmission 
are to be fouinl in tlie Unitisi States. 'J^his vast country, with its 
enormous industrial demands situatisl at long distances from (‘quall^^ 
large water-powers, can be considered as thii hona^ of ])ower trans¬ 
mission schemes. A larg(‘ ])ortion of this countiy is one immense 
network of high-voltage ov(U*hea<l lines operating at all pressures 
up to 275 kV. 

Speaking geniM-ally, the ti*end is towaivls liigh(‘i* line jiressui’cs 
owing to the largei* amounts of power being transmittisl. As pre¬ 
viously poinUnl out th(i choice of voltage is priniai’ily an economic 
consideration, but recmit im])i*ovements in the d<*^ign and construc¬ 
tion of insulatoi’s and high-tcaision tiMnsfoi*m(‘)-s hav(‘ undouhtisll}^ 
materially assisUsl this dcvelo]nnent. In this coniKadion it is in¬ 
teresting to note that a pressure of 1 000 kV. has biMai produced in 
the laboratory and a short ex])erim(‘ntal ti'ansmission effected at 
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this voltage. It has been established that the empirical laws of 
corona and spark-over discharge found satisfactory at the ordinary 
transmission voltages apply with very little modification to pres¬ 
sures of this magnitude. The problems to be solved are mainly 
in connection with the mechanical design of the line having regard 
to the fact that large diameter tubular conductors at considerably 
wide spacings would be necessary. Sufficient has been done, how¬ 
ever, to prove that line pressures very much higher than any of 
those einployed at the present day can be used when the conditions 
demand them.^ 


REFERENCES. 

^ ‘The P^juglisli Electric Transverter,’ Electrician, Vol. 92, p. 5G7 (1924), 

- H. Rissik, ‘ Some Aspects of the Electrical TraDsmission of Power by Means 
of Direct Current at Very High Voltages,’ Jour, LE,E,, Vol. 75, p. 1 (1934), 

•*J. Liston, ‘Some Developments in the Electrical Industry during 1921, 
Gen, El. Rev., Vol. 25, p. 25 (1922). 
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CHAPTER II. 

INDUCTANCE AND CAPACITANCE OF CONDUCTORS. 

12 . Electric Field between Two Round Parallel Con¬ 
ductors. —The lines of magnetic force due to a single round con¬ 
ductor (that is, with the return conductor assumed at an infinite 
distance), consist of a series of concentric circles, and the linos of 
dielectric force are straigKl lines radiating from the conductor. 

In an ordinary two-wire circuit, however, the influence of the 
return wire is not negligible, and the lines of magnetic and dielec- 



Fig. 5.—Electric field between two round parallel conductors. 

trie force are crowded together between the conductoiTs. The 
former become circles with centres on the line passing through the 
centres of the conductors, and the latter are also circles intersecting 
in two points in the conductors as shown in Fig. 5. 

13 . Inductance of Round Parallel Conductors. —Fig. 6 re- 
preseiW two parallel conductors A and B, cairying equal currents 
I c^s. units but in opposite directions, and forming part of an 
ordinary two-wire circuit. 
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If <I> is the magnetic flux associated with each wire the induct¬ 
ance of the wire by definition is 


L 


9 

r 


(5) 


Let r = radius of each wire in centimetres, 
and d = distance between centres in centimetres. 

The magnetic field intensity at the point P distant x centimetres 
from A and d - x centimetres from B is 


X d - X 


dynes, 


and the flux density is 
B ^ 


2 / 2 / 

-H ^ - 

X d - X 


lines per sq. cm.i; 


A B 



Fig. G.—Inductance of parallel conductors. 


the flux in a section of width dx and length 1 centimetre is 
d^ = Bdx lines. 

The flux between the wires per centimetre length produced by 
the current flowing is 


Jr Jr\ X d - Xj 


X ^ d 
= 4/log. 

the flux surrounding each wire being one-half this quantity is 
given by 

<t>, = 2/log. 
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and therefore the inductance of each wire per centimetre length is 






A 



Fig. 7.—Flux inside a conductor. 

B = 


Tliis quantity is the external 
inductance of the conductor. 

The flux inside the conductor 
has been neglected so far, but its 
inductive effect can be calculated 
very easily if it is assumed that 
the current is distributed uni¬ 
formly over the section of the 
wire. In Fig. 7 the section of 
wire A is shown enlarged. 

If ya is the permeability of 
the conductor material the flux 
density at a distance x centi¬ 
metres from the centre of A is 

f = M 

X ' 


where T is the current inside the radius x centimetres and its 
value is 


T 



c.g.s. units. 


The flux in the ring of radius x, width dx, and length I cen¬ 
timetre is 


dx 


2filx 


dx lines; 


this flux surrounds only the current F and is equivalent to a 
smaller flux surrounding the current /, of value 


= d^ 


,;r- 


2filx^ 


dx ; 


the flux equivalent to the flux inside the whole section is 




fil 


lines, 
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and the inductance per centimetre length due to the flux inside the 
conductor is 

4 =^ = 2 • • ■ C^) 

which is the internal inductance of the conductor. 

The total inductance of each wire per centimetre is therefore 

, = 2 loge ^ + 2 • • (®) 


For the usual non-magnetic conductors used in practice == 1, 
and changing into practical units, the inductance of each wire is 

Lq = 2*54 X 12 X 5 280^2 x 2* 303 log^o ^ henries per mile 

= 080 + 0* 741 logio ^ millihenries per mile. . . (9) 


14 . Capacitance of Round Parallel Conductors. —As before 
A and B (Fig. 8 ) represent two parallel conductors each of radius 



I I 


Fia. 8.—Capacitance of parallel conductors. 


r centimetres, suspended in air at a distance of d centimetres 
between centres. 

When a potential difference V is applied between them a di¬ 
electric flux yfr passes across from A to jB and a positive charge 


Q = 


47r 


appears on A and an equal negative charge 



on B. 


The electrostatic force at any point P on the line joining the 
centres of conductors, distant x centimetres from A and d - x 
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centimetres from B, is then the resultant of the forces exerted by 
the charges on A and B acting independently. 

Assuming that the electrostatic charges are distributed uni¬ 
formly over the surfaces of the conductors their effect at any ex¬ 
ternal point can be calculated as though they were concentrated on 
the lines forming the axes of the conductors. 

Let q and - be the charges per centimetre length on A and 
B respectively. 

Then from each centimetre length of A, ^irq lines of dielectric 
flux extend out normally and produce at the point P a flux density 


Da 


^irq 

2ttx 


2q 

- lines per square centimetre. 

X 


Similarly, the charge on B produces at P a flux density 
2q 

Db = lines per square centimetre, 

and the resultant flux density at P is 

P == + Pb = ^ ^ “ lines per square centimetre. 


The electrostatic force at the point P is 

F ^ D dynes . . (10) 

X a - X ^ ' 


and acts from A to P. 

The work done in moving a unit positive charge from P to il 
is equal to the potential difference between the two conductors 
and is 

Jr \X d - X/ 

= 45 log. .... (11) 

but since r is always small compared with d in overhead lines 

^ = 49loge~. . . . (12) 

The capacitance of the two conductors per centimetre length 
is therefore 
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1 = _ 

^ A 1 

4>q log. - 

== — 1 —- electrostatic units. 

4l0ge^ 

It is more convenient, however, to separate the tcircuit capaci¬ 
tance into the capacitance of the two conductors forming it. Tlie 
potential of the point 0, midway between the two wires, is zero, 
and the potential of the wire A is 

=| = 29log.^; . . . (13) 

therefore the capacitance of A per centimetre length between the 
wire and the neutral or point of zero potential is 

“ I 

1— electrostatic units, . . (14) 

2 1og4 

and the capacitance of each wire is 


Co -2-54 X 12 X 5 280| 


2x2’ 803 loii 




farads per mile 


O’ 0388 ... 

^ microfarads per mile. . 

logio - 


(15) 


15 . Potential and Potential Gradient between Parallel 
Conductors. —The potential at the point P in Fig. 8 is the work 
done in moving unit positive charge from the neutral point 0 to 
the point P; it is 



X 


( 16 ) 
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but 


9 = 


4 loff, 


d - r 


from equation (11) 


and substituting for q in (16) gives 

, d - X 

log« 

•y = F_ 

O 1 d - r 
2 log« - 


. ( 17 ) 


The potential of conductor A is 

and that of -B is 




The potential gradient at any point P is equal to the intensity 
of the electrostatic field at that point and is given by 

dv _ 2q ^ 2q 


^ dx X ^ d - X 
^^{^x{d - a;)} 

f I 

d - r\x{d - x)j' 


2 Ioir« 


or expressed in terms of the potential to neutral it is 


9 = 


E 


lo- 


i 


r I (Ti 




\ 

•,{d - x)l 


(18) 


(19) 


For small values of x and r compared with d this can be 
written 

.w 

X loge 
^ r 

The maximum gradient occurs at the surface of tlie conductor 
and is 

E 

9msiX — .... ( 21 ) 

r loge - 
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All these values of potential gradient arc in volts per centimetre 
if V and B are expressed in volts. 

Assuming the same potential ditfereiico applied between the 
two conductors, the distribution of potential around them is un¬ 
affected by the value of the permittivity e of tlie medium in which 
the conductors are placed. 

Fig. 9 shows tlie values of potential and potential gi’adient a 



Fig. 1).— Potculial and potential gradient between parallel conductors. 


points along th<‘ lin<‘ joining tlu* centres of conductors as plotted 
from (‘(jnations (17j and (18). 

i6. Inductance and Capacitance of a Single Conductor to 
Earth. —Refen’ing to Fig. o it will be seen b'om considerations of 
symmetry that the centre lin<‘ CO' is a line of magnetic force, and 
siiic(.* the lin(‘s of cU'eti’ostatie forci* int(‘i*sect it at right angles, it is 
also a dielectric isjuipotential line. IIenc(‘ if it were replaced by 
a conducting pUiu' of perfect conductivity this would exert no 
eflect on the magnetic or dielectric Helds between the conductors 
A and ii. 
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If, then, the earth’s surface is assumed to be a perfectly conduct¬ 
ing plane, the electric field between the earth and a single overhead 
conductor will be exactly similar to that between A and GC in 
Fig. 5. In other words, if the conductor is at a potential E and 
carrying a current I the magnetic and dielectric flux distribution is 
exactly similar to that which would be produced on the assumption 
of an image conductor having a potential - E and carrying a 
current - I placed at the same distance below the ground as the 
conductor is above groimd. That is, the formulae obtained for the 
inductance and capacitance of a wire with return wire at distance 
d can be immediately applied to the inductance and capacitance of 
a wire to earth by using, as distance d, twice the distance of the 
wire from ground. 

Thus if h is the height of the wire above the earth’s surface, 
the inductance is 

2h . . ’ 

L\ = O’ 080 + O’ 741 logio ^ millihenries per mile, (22) 


and the capacitance is 


C' 


O’ 0388 . , , 

^ microiarads per mile. 


lo 




(23) 


In practice the earth’s surface is not a perfect conductor, and 
a perfectly conducting plane electrically equivalent to the earth 
would, in general, be situated at some depth below the actual sur¬ 
face. Hence L'q would be slightly higher, and C'q slightly lower, 
than the values given by the above formulae. 

17. Effect of Earth on Capacitance of Line. —Although a con¬ 
siderable capacitance exists between earth and a single overhead 
wire, the effect of the earth’s presence on a transmission line con¬ 
sisting of outgoing and return wires is very small. 

Considering the case of a single-phase line, image wires A' and 
B' must be assumed for both the wires A and R, as represented in 
Fig. 10, and the capacitance of each wire is then calculated as 
follows:— 

Let li be the lieiglit of the wires from the plane electrically 
equivalent to the ground, d their distance apart from centre to 
centre, and r the radius of the wires, all in centimetres. 
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It A carries a charge of + 9 units per centimetre length, A[ 
will carry - q units, B - q units, and B' + q units. 

A .p B 


-^ 

[— 





1 • 

U— d- »i 1 

1 » 

1 1 

1 

• ' 

• 1 

1 

'‘ry^y v y 'T'//'/ 7 / r r 7-r / y / i 

1 1 

i 1 

1 1 

1/ / rrr'r 

1 ; 

1 ' f 

1 1 

• « 

» I 

« « 



A‘ B' 

Fig. 10 .—Effect of earth on capacitance of single-phase transmission line. 


Then at a point P lying between A and B and distant x 
centimetres from A the electrostatic force is 


2q 


dynes due to A, 


dynes due to B, 
d - X ^ 

■. <lynes due to A\ 

dynes due to B. 
W + (d - xy ^ 


The resultant force at P is 

2 ? + _ 2q{d - x) , 

X ^ d - X + x- 4A* + (d - xy ^ • 

The work done in moving unit positive charge from B to A is 
equal to the potential difference between the two wires; it is 
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r - + r ^'-Ldc - r 7 . _ r*' - ■'^) 

A .^: ^ Jrd - ^4; J JrU-^ +(d - x.y- 


.) 1 ‘^ , ■) I ^ I 4/t-’ + (i' , 

= 2r/ ^ + 2^7 l() 4 , - - r/ . 0 ^^, + q lo; 


4/r 




A ^ ^ 01 

= 4? log. ^ + 2q log. 


Midway between the two wires the potential is zei’o, and the 
potential of ^ is 

,T o 1 ^ 1 

A = 2 = 2g log. ^ + q log. 


d 


4^“ + d 

2li 


and therefore the capacitance of A between the wire and neutral 
is 

/p __ 7 _ 1 

' A - I d - , 2// 

^ “ ^4,k- + d- 


1 


2 log. 


d / 2k \ 

^v/4/r + 


electrostatic units per cm. (25) 


The formula giv^en in Art. 14 for the capacitance of a wire as 
measured between wire and neutral was 


Ca = 1 electrostatic units per cm. . (14) 

2 log. 


Hence the effect of the earth’s proximity is to increase slightly 
tlie capacitance of an overhead line. 

Taking as an average case 

h = 30' = 360", 
d = ^ 96 ", 

and r = 02", 

we find the capacitance is changed by less than 0*2 7o> f'he 

effect of the earth in increasing the capacitance of an overhead 
system is negligible. 

i8. Inductance and Capacitance of Three-phase Overhead 
Line. —In order to understand the derivation of tlie formulye for 
the inductance and capacitance of a tliree-phase system consider 
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first of all that the three phases are kept entirely separate along 
the line, six conductors being used. In Fig. 11 (a) A, B, and C 
are the three outgoing wires occupying the vertices of an equi¬ 
lateral triangle and A', R, and (T respectively, the return wires 
running along near the neutral axis of the line. 

The system is thus divided into three circuits or loops symmet¬ 
rically placed, and assuming the same load on each phase it is 
obvious that all calculations may be based on the phenomena occur¬ 
ring in one of these loops, say AA\ 

It is therefore the inductance and capacitance of AA' that is 
required for the purpose of line calculations, but in obtaining these 
values the effect of the loops BB' and GG' has also to be taken into 
consideration. 

Now the three return wires A', B\ and G' being at the same 
potential may be amalgamated into one common return wire with 



E’ig. 11.—Induotanco of three-phase transmission line. 

its centre on the neutral axis of the line without any difference 
being made to the flux distribution of the system. 

Also, since in a balanced three-phase system the sum of the 
currents in the three outgoing wires is zero, the current in the 
common return wire will also be zero, and the wire may be (and 
in practice always is) omitted without affecting the magnetic and 
dielectric fields between the other three wires. 

The inductance and capacitance of a three-phase line is thus the 
inductance and capacitance between any one wire and the neutral 
axis of the line. 

Referring to Fig. 11 (6) let 

d == distance between centres of wires in centimetres, 
a == distance between centres of wires and neutral in 
centimetres, 

and r = radius of wires in centimetres. 


4 
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The currents flowing in the wires have phase differences of 120 
desrrees so if the current in wire ^ is / c.g.s. units, the current in 
B will be 

(-0-5+^ij)/ 

=* ( - 0 5 + 0* 866j)/ c.g.8. units, 

and in wire C 

(- 0*5 - 0* 866j)/ c.g.s. units. 

Assuming the positive direction of the current along the line 
as away from the reader it is evident that the fluxes due to B and 
C threading the loop formed by wire A and the neutral are in op¬ 
position to the flux produced by A itself. 

Therefore the magnetic flux between A and neutral per centi¬ 
metre length of line is 

<I>^ = 2 + 2/log«^ due to A, 

=> ( - 0*5+ 0* 866j)2/log, ^ due to J5, 

CL 

and «l)c = ( - 0 5 - O' 866j)2/log. - due to C. 

CL 

The resultant flux is 
<I) = <I»^ - <I)b - 

= I + 2/ log. ® + 7 log. ^ - 1- 732;/ log. ^ + 7 log. ^ 

+ 1- 732;71og, 

= | + 271og.? + 271og.^ 

= g + 27 log. 1 

The inductance between wire and neutral is 
, d 

•^ + 2 log« - c.g.s. units per centimetre, 

and changing into practical units the inductance of each wire is 

d 

Lq = O'080 + 0'741 logio ~ millihenries per mile. 


Similarly, the line capacitance may be represented by condensers 
connected between each wire and the neutral as shown in Fig. 12 


Si I & 
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and after obtaining the dielectric flux distribution in an analogous 
manner to the above calculation the capacitance of each wire is 
found to be 

» 0 0388 . . j 

Cj =-j microfarads per mile. 




Fig. 12. —Capacitance of three-pbase 
transmiBsion line. 


On comparing these results with those derived in Arts. 13 and 
14, it is seen that the same ^ 

formulse apply for the inductance 
and capacitance of an overhead —I- 

circuit whether single-phase or c 

three - phase, providing these ^ 

quantities are measured between 
conductor and neutral. ^ 

10. Inductance and Capaci- J 1 ~ ^ 

tance with Irregular Spacing of tra^ssion line. 

Conductors. — It has been as¬ 
sumed in the above discussion that the three line conductors were 
symmetrically arranged, each occupying the comer of an equi¬ 
lateral triangle. In many overhead transmission systems, how¬ 
ever, the conductors are irregularly spaced, and the above formulas 
are not directly applicable. 

When the wires of a three-phase system are spaced so that they 
are not equidistant, the inductances and capacitances are not the 
same in the different phases. More important still, there is an 
interchange of power between the phases so that there may be 
wide differences between the apparent resistances of the conductors. 
It is the practice with such lines to interchange or transpose the 
wires at intervals along the line so that each of the three wires 
occupies a particular position relatively to the other wires for one- 
third the total length of transmission. This results in completely 
eliminating any out-of-balance effect. 

The average inductance of an irregularly-spaced three-phase 
line in which the wires are transposed at regular intervals may be 
calculated as follows:— 

Let Fig. 13 represent the actual spacing of the wires A., JB, and 
C of an overhead line, and the currents in the wires be represented 
by the vectors OP, OQ, and OR respectively. 
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Then if the current in wire A is 

/a = OP === I c.g.s. units, 

the current in B is 

Ib = OQ =( - 0‘5 + 0* 866J)I c.g.s. units, 


and the current in O is 

Ic OR ^ - 0*5 - 0* 866j)I c.g.s. units. 

The magnetic flux surrounding each centimetre length of A is 
+ 2 logg ^ due to A ; 

+ (- 0-5 + O' 86G;)^2 log. 

+ (- 0-5 - 0- 866;)(2 log. ^ ^ due to 0, 



where r is the radius of the wires. 



Pig. is.—I nductance of three-phase line with irregular spacing of conductors 


Suppose at the end of one-third the total length of transmission 
the line is transposed so that the wires A, B, and G now occupy 
the positions B, G, and A respectively. 

The flux now surrounding each centimetre length of A is 

d>o == ^^ + 2 logc ^ due to A ; 

+ ( - 0-5 +0- 86G»^2 lof;^ ^ y due to B ■ 

+ (_ 0-5 - 0- S6Qj)(2 log. y due to G. 


Let the line be transposed again so that the wires A, B, and G 
occupy the positions (7, A, and B for the last one-third of the total 
distance of transmission. 
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Then the flux surrounding each centimetre length of A is 

^3 =■ + 2 log, All® to A ; 

+ ( - 0-5 + 0- 866J)^2 log, to : 

+ ( - 0'5 - O' 866j)^2 log, ^ j/ due to C. 

The average value of the magnetic flux surrounding each centi¬ 
metre length of A (or either of the other wires) is 

d> - 

3 

= i(l'5/ + 6/log, * - 2/ log, ^ - 2/ log, - 2/ log, 

= i(l'5/+671og,* - 6/log, 

= j(l'5/+ 6/log,^). 

Therefore the average inductance of each wire is 

^ + 2 loge c.g.s. units per centimetre, 

or in practical units the average inductance of each wire is 

Zq = 0* 080 + 0* 741 logio millihenries per mile. (26) 


In the same way it may be shown that the average value of the 
capacitance of each wire is 

0' 0388 . , , 

Gq = -microfarads per mile. . (27) 

_ 


Hence for purposes of calculation the line may be treated as 
though the conductors were spaced symmetrically at an equivalent 
delta spacing of d = ^ahc. 

20. Double-circuit Lines. —With double-circuit lines the 
values of inductance and capacitance are slightly modified, and 
depend on the physical arrangement of the conductors, phase 
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sequence of currents, and methods of transposition, if any. Morgan 
and Whitehead* have examined all the various combinations in 
detail, and given formul® for calculating the inductance, and from 
these the corresponding formulae for capacitance can also be written 
dowa 

REFERENCE. 

*P. D. Moi^[an and S. Whitehead, ‘The Impedance and Power Losses of 
Three-phase Overhead Lines,’ Jour. Vol. 68, p. 367 (1930). 
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CHAPTER III. 

PERFORMANCE OF SHORT TRANSMISSION LINES. 

21. Effect of Line Inductance and Capacitance on Trans¬ 
mission of Alternating Currents. —In consequence of the 
necessary spacing between the conductors of a transmission circuit, 
each conductor is surrounded by a considerable magnetic flux 
which generates in it an e.m.f. of self-inductance. This e.m.f. is 
in quadrature with the current flowing in the conductor and has 
the value 

e = 27rfLI 

=* IX volts; . . . (28) 

where / =» frequency of supply in cycles per second, 

L = inductance per conductor in henries, 

I = current in amperes, 

and X reactance per conductor in ohms. 

The voltage impressed on the circuit at the sending end has 
thus to provide components to overcome the resistance pressure 
drop ZB, which is in phase with the current, and the reactance 
pressure drop IX, which is in quadrature with the current. 

The precise effect on the receiving-end voltage depends on the 
difference of phase between the current and the voltage at this end 
of the lina When the load has a lagging or unity power factor 
the receiving-end voltage is less than the sending-end voltage, but 
with a load of leading power factor there may be a rise of pressure 
at the receiving end of the line. 

The effect of the line capacitance is to produce a current— 
usually called the charging current—which is in quadrature with 
the voltage. This component of current in the conductor has its 
maximum value at the sending end of the circuit and decreases 
continuously as the receiving end of the circuit is approached at 
which point its value is zero. 
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The value of the charging current at the sending end is given 
by 

4 = 2‘irfCE 

« EB amperes; . . . (29) 

where G =» capacitance per conductor in farads, 

E « voltage to neutral, 

and B =» susceptance per conductor in mhos. 

It should be noted that both the reactance drop and the charg¬ 
ing current of the circuit are proportional to the frequency, and 
thus have a far greater influence on the performance of a 50-cycle 
than on a 25-cycle line. Also that with overhead lines reactance 
efiects are relatively important due to the wide spacing of con¬ 
ductors which must be adopted, whilst in the case of transmission 
by underground cables reactance effects are small and the effect of 
capacitance predominates. 

In the case of 50-cycle overhead lines not exceeding, say, 50 
miles in length, the effect of capacitance on the line performance is 
so small that it may generally be neglected. 

22. Treatment of Polyphase Systems. —A three-phase trans¬ 
mission circuit carrying an equal load on each phase is a particular 
example of a balanced symmetrical polyphase system, and in 
making calculations and drawing diagrams of such a system it is 
only necessary to take into account one of the star circuits of the 
system. 

For instance, the polyphase system represented in Fig. 2 at 
balanced load can be considered as consisting of the equal single- 
phase systems :0-l;0*-2;0-3; . . . 0 - n lying between 
the conductors and the neutral axis. 

In investigating a polyphase system it is only necessary to deal 
with the phenomena occurring in one of these constituent circuits, 

which carries ~th the total load on the system, and has impressed 

on it the star voltage or voltage to neutral of the system. In a 
three-phase system each of the star circuits carries one-third of the 

1 

total load and has a voltage equal to times the voltage between 
conductors. 

23. Vector Diagram for Short Line,— Fig. 14 is the vector 
diagram showing the relation between the various elements in a 
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short transmission circuit, the effect of capacitance being neglected. 
Both the diagram itself, and the upper part of the figure which 
illustrates the circuit schematically, are drawn for one phase only, 
in accordance with the rules laid down in the preceding article. 

The various quantities are represented as follows:— 

OD is the current. 

OR is the voltage to neutral at the receiving end of the 
line drawn <f>r degrees in advance of OD : cos </)r being 
the load power factor (assumed lagging in this case). 
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Fig. 14.—Vector diagram for short transmission line. 

RC drawn parallel to OD is the voltage consumed in the 
resistance of the conductor. 

CS drawn 90 degrees ahead of OD is the voltage consumed 
in the reactance of the conductor. 

OS is the voltage to neutral at the sending end. 

<f)s is the phase-angle at the sending end: cos <f>s being the 
power factor at this end. 

The component of the sending-end voltage in phase with the 
current is 


OB = Er cos <}>r + IR, 
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and the component in quadrature ahead of the current is 
BS = E, sin + IX, 
and therefore the sending-end voltage is 

E, = cos (j)r + IKf + {Ef sin <f>r + IXf. . (30) 

Expressed in another form 

E, = Er^ ^COS (f>r + + ^sin <j>r + , . (31) 

which is rather more convenient for purposes of calculation as the 
quantity under the radical sign is then of the order of unity. 

The sending-end phase-angle is 

Sin (f>r + ^ 

= tan -1 -. . . (32) 

cos (f>r + 

Hence, knowing the conditions existing at one end of the line, 
those at the other end can easily be obtained by means of the above 
formulae. Problems may also be solved graphically by drawing 
the vector diagram to scale, but owing to the small size of the im¬ 
pedance triangle compared with the rest of the diagram no great 
accuracy can be obtained. It is advisable, therefore, to calculate all 
quantities trigonometrically, using the graphical method as a rough 
check. 

24. Regtilation. —The regulation of a transmission line can be 
defined as the change of voltage at the receiving end when full load 
is thrown off, the sending-end voltage being kept constant. The 
percentage regulation is the regulation expressed as a percentage 
of the full-load receiving-end voltage. 

When the load is thrown off, the only current in the conductors 
is the charging current of the system, and if this is of negligible 
magnitude the receiving-end voltage will equal the constant 
impressed voltage at the sending end of the line. Hence in the 
case of short lines, the regulation is equal to Et - the arith¬ 
metical difference between the sending-end and receiving-end 
voltages. 

The regulation for any given load power factor can be graphi¬ 
cally determined by means of Kapp’s regulation diagram, which is 
a slight modification of the fundamental, impedance diagram of the 
line. In Fig. 15 if OD is kept fixed and varied, S lies on a 



PERFORMANCE OF SHORT TRANSMISSION LINES 89 


circle witix 0 M centre. RC iuekI C8 remain constant in length 
and move parelld to thwiselvee, consequently R lies on an equal 
circle with centre at 0" where OQ is equal and parallel to SR, 
These circles are drawn in the figure. If OR is produced 
to meet the otiier circle in J5, ih«a OE =» OS, and therefore 



RE ^ 08 - OR, the pressure drop along the line and also the 
regulation. 

All that is necessary then, in order to determine the regulation 
at any power factor cos is to draw a line making an angle 
with OD, and measure the length of the intercept between the two 
circles. 
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An inspection of the diagram shows that as the angle of lag 
increases, the regulation increases, reaching a maximum value 
when OR is in line with 00\ i,e, when 

<})r = tan - 1 


For still greater angles of lag the regulation diminishes again. 

With leading power factor the regulation diminishes as the 
angle of lead increases, becomes zero when <f>r = Z,DOF, and 
beyond this has a negative value, i.e. the receiving-end pressure 
falls when the load is thrown off. 

A formula giving the regulation directly may be found by 
referring to the part of the diagram shown enlarged in Fig. 15. 
RS is usually small in comparison with OS, and so the arc SE 
may be replaced with very little error by the perpendicular SN 
from S on to OR produced. If CM is drawn at right angles to RE 

we have _ 

Regulation = RM + MN 

= IR cos <f>r + IX sin <^r, . . (33) 


or expressed in another form 


Regulation =» cos sin 


IX 


where the angle 6 = tan 


= IZ{mi 0 cos </)r + cos 0 sin <^r) 
= IZ sin ((f>r + . 

R 


(34) 


X 


The regulation is a maximum when sin (0 + ^r) = 1, or 
= 90 - 0, that is, at a load power factor 

R 

cos (f>r = sin ^ = , 

Zt 

and is equal to the impedance drop IZ, 

25. Numerical Example of Short Line Solution. —When 
the voltage, current, and power factor either at the sending or re¬ 
ceiving end are given, the conditions at the other end of the line 
can easily be found by applying formulae (31) and (32). To 
illustrate the method of solution the following example will be 
taken:— 

Problem 1.—Find the characteristics of the load at the sending 
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end of a three-phase line 30 miles lon^, consisting of three hard- 
drawn, copper conductors, spaced in a four-foot ^delta. Temperature 
taken as 20° C. Load conditions at receiving end assumed as 
8 000 kVA. (6 400 kW. at 80 % power factor lagging), 30 000 
volts, 50 cycles; transmission toss to be approximately 10 7o* 

At the receiving end of the line 

kVAr = = 2 6G7 kVA. per phase. 

G 400 

kW. = - 2 133 kW. per phase. 

Et = —= 17 320 volts to neutral. 
v/3 

cos (j)r = 80 7o 

2 067 ... 

/ = X 10*^ = 154 amperes. 

For a transmission loss of 10 % ^he resistance of each conductor 
will be 

2 133 X 10« 

" 10 X (T54)2 
= 8-99 ohms, 

or 0’ 300 ohms per mile. 

From wire tables ^ the nearest standard size of wire is found to 
be No. 5/0 S.W.G., which has a resistance of 0' 302 ohms per 
mile, and a diameter of O' 432 inch. 

The resistance of each conductor is therefore 

R = 0’ 302 X 30 = 9 06 ohms.. 

The inductance of each conductor by formula (9) is 
L = (O- 080 + 0- 7,41 log.o '^0 

= O' 0546 henries, 
and the reactance is 

X - 2tt X 50 X 0 0546 
= 17*1 ohms. 
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We then have 


IR 

IX 

Es 


<f>s 
cos <})s 


154 X 9 06 = 1 395 volts (resistance drop). 
154 X 17 1 = 2 633 volts (reactance drop). 

17 320^(0-8 + + (0-6 + ) 

17 320v'(0-8805)» + (0-7620)- 
20 060 volts. 


tan ~ ‘ 


0- 7520 
0- 8805 


40-5° 

7604% lagging. 



Fia. 16.—Begulation curve for short transmission line. 


Loss 


Efficiency 

Regulation 


(154)* X 9 06 
1 000 
214-9 kW. 

2 133 X 100 
2 133 + 214-9 
90-84 %. 

20 060 - 17 320 
2 740 volts. 

2 740 


17 320 
16-82 %. 


100 7 „ 


Percentage Regulation 
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The percentage regulation derived from formula (33) is 

IR cos <br + IX sin <hr 0 / 

--r, X 100 

154 X 9 06 X 0*8 + 154 x 17*1 x 0*6 
17 320 

- 15-6 7o, 


X 100 7, 


which agrees fairly well with the accurate value. 

The complete regulation curve for the line has also been cal¬ 
culated by the above formula and is shown in Fig. 16. The curve 
gives the percentage regulation of the line at all power factors, the 
current being the same in each case, viz. 154 amperes. 

26. Mixed Sending- and Receiving-end Conditions.-— 
Frequently in practice the case occurs where the voltage at the 
sending end is fixed, and also the power and power factor at the 
receiving end. Li such a case the solution becomes more com¬ 
plicated. The following method of treatment is due to P. de 
Bancarel • ^ 


Refeil 
down:— 

and also 


to Fig. 14 the following equations can be written 


Er COS <f)r + RI ^ Es COS </>s, . (35) 

Et sin (pr + XI = Es. sin <^5, . ( 36 ) 

Er cos cf>r X RI ^ 1 OOOPR, . . (37) 

Er sin X jr/ = 1 OOOQZ, . . . (38) 


where P = the power in kW. per phase delivered at the receiving 
end of the line, 

and Q the reactive kVA. per phase delivered at the receiving 
end of the line. 

Squaring equations (35) and (36) and adding gives 

Er^ + 2RIEr cos <t>r + 2XIEr Blli + (R^ + X^)P - E,*, 


whence by substituting for the second and third terms from equa¬ 
tions (37) and (38) 

Er^ + 2 000(PR -f QX) + (R2 + x^)P - Es\ . ( 39 ) 
Substituting 

1 OOOP ^ 

Er COS <f>r 

and multiplying throughout by Er^ gives 

Er^ - [£/ - 2 000 (PR + QA')]^r* + )* “ 0. ( 40 ) 
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Let 

S = - 2 000(FB + QX), 

and 



cos <f)r J 


then equation (40) 

can be written 


whence 

Er^ - + 2’ = 0, 

• ■ (41) 



• • (42) 


In general, two values of the receiving-end voltage can be found 
to satisfy the conditions laid down, depending on whether the 
+ or - sign is used in the formula. Tlie solution giving the 
higher value of Ey and consequently higher transmission effici¬ 
ency is the one required in practice, and tlms the + sign should 
be taken. 

The following example will illustrate tlie use of the formula 
given above :— 

Problem 2.—Find the characteristics of the load at the receiv¬ 
ing end of a three-phase line ten miles long, consisting of three 
hard-drawn, No, 1/0 copper conductors, 8pa''(‘‘l m a thirty-inch 
delta. Temperature taken as 20"' C Load n% receiving end as¬ 
sumed as 1 500 kVA. (1 200 kW. at 80 power factor lagging). 
Voltage at sending end given as 11 000 volts, 50 cycles. 

From wire tables the resistance per mile of conductor is found 
to be 0' 531 ohms, and the diameter is 0* 824 inch. 

Hence the resistance of each conductor is 

7? - 0- 531 X 10 - 5-31 ohms. 

The inductance of each conductor is 

L = (^0- 080 + 0- 741 logio - = X 10 . (9) 

= O' 0176 henries, 

A = 27r X 50 X 0* 0176 
= 554 ohms. 


and the reactance Is 
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There is also given 

F = = 400 kW. per phase, 

Q = P tan 
= 400 X 0-75 
= 300 kVA. per phase, 
cos (pr = 80 % 

Es = = 6 351 volts to neutral. 


Hence 


S = - 2 000(PR + QX) 

= 6 3512 - 2 000(400 x 5-31 + 300 x 5-54) 
= 3- 2763 X 10^ 


,,/ I 0007-* 


T = {m + Z2) i 7 ) 

\ cos (pr / 

= ( 5'312 + 5 - 542 )('^ 


= 1- 4722 X 10*2. 

The receiving-end voltage 

R ■ .( 

= .^3-2763 X ]0'”-H v^-0734 X 10'^~5"88'88”x“l0‘2) 

2 ~ 

= 5 G84 volts to neutral, 
and the current 

_ 500 >^1 000 
5 684 ■” 

= 88 0 amperes, 
also the sending-end power factor 


cos </)5 = 


Er COS (f)r + Rl 


5 684 X 0'8 + 5*31 x 88-0 
6 351 

= 79-0 % lagging. 

27. Graphical Solution for Mixed Sending- and Receiving- 
end Conditions. —If preferred, a semi-graphical solution of tliis 
problem may be employed. Referring to Fig. 17, 
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OS = voltage to neutral at sending end of line, 

0^ — unknown voltage at receiving end, 
and OD = unknown current. 

Then the point R lies on an arc of a circle passing through 0 
and 8, the centre of which is at 0, and the 

angle OSO = ~ - tan-^ 

1 K 

R also lies on a circle of radius 

FR = - 1 OOOiPR + QT), . . (43) 

the centre of which is at F the mid-point of OS. 



o 


Pia. 17.—Vector diagram for mixed sending- and receiving-end conditions. 

For a proof of this solution reference should be made to Fig. 18 
in which a circle is drawn on OS as diameter, OR is produced to 
cut the circle at Z, and FR produced both ways to cut the circle at 
H and K. RC drawn parallel to OD, and CS drawn at 90 degrees 
to OD, are respectively the ohmic and reactive pressure drops in 
the conductors. 

Consider first of all the circle of which ORS is an arc. The 
angle ORS at the circumference is half tlie re-entrant angle OGS 
at the centre standing on the same chord OS. 
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The angle ORS <= 2ir - ai^le ORO - angle CBS 

=« 27 r - (ir - ^r) - tan ~ ^ 

a * -1 ■X’ 

= w + - tan * 

hence the re-entrant angle OGS = 27r + 2<f>r - 2 tan “ * 
angle F08 - - + tan “ * 

and angle OSO = ^ + <j>T - tan 



Fia. 18.—Derivation of formula for mixed sending- and receiving-end conditions. 


Also in the triangle ORS 

0S‘^ = OE* + RS^ + 2m . RL, 
or = Er^ + (R* + X*)P + 20R.RL, 

and comparing with equation (39) it is seen that 
RL =■! OOOiPR + QX). 

Therefore OR. RL expresses the power of point R in relation 
to the circle of diameter OS = E,. 
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This quantity is constant so 

OR. RL = 1 OOOiPR + QX) = HR. M, 
whence {HF + FRXFK - FR) = 1 000(PR + QX), 

or - (FRY = 1 000(PR + QX), 

and TR - 1 000(PiJ + QX). 

28. Effect of Transformers. —In the foregoing discussion no 
account has been taken of tlie effect of transformers included in the 
circuit. Transmission lines usually have raising transformers in¬ 
stalled at the sending end to step up from the generating to the 
line pressure, and lowering transformers at the receiving end to 
step down to the distribution pressure, and it is often required to 



Fig. 19.—Equivalent circuit of transformer. 


make calculations on the complete circuit from the generator 
torninals to the low-pressure busbars of the receiving station. 
Such calculations are conveniently made in terms of the liigh- 
voltage circuit and if results are desired in terms of the low-voltage 
side of the transformers they may be obtained from the ratio of 
transformation. 

Fig. 19 represents the equivalent circuit of a transformer on load 
in which and are the resistance and reactance of the high-voltage 
winding, r., and x., the resistance an<I i*eactance of the low-voltage 
winding, and and v., the number of turns on the high-voltage 
and low-voltage windings respectively. Yi Gt - jBt is the 
primary exciting admittance of the transformer. 
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In power transformers the exciting current is of the order of 
4 to 8 7o full-load current, but it is nearly in quadrature 

with the voltage so that when the transformer is on load, the current 

in the high-voltage winding can be regarded as equal to — times 

71 ^ 

the current I<^ in the low-voltage winding. Hence, neglecting 
the effect of F<, the composite circuit of a transmission line and 
connected transformers can be represented as in Fig. 20. The 
equivalent resistance of the transformer in terms of the high- 
voltage circuit is 

Rt = n + (J^‘) r.„ . . . (44) 


LOAD OF 
POWER 
FAbTOR 
COS 


Fia. 20.—Short transmission line including effect of transformers. 

and the equivalent reactance is 

Xt==x, + Q'Jx,. . . . (45) 

In many cases these values are not known but can be obtained 
from other known data. 

For instance, take the case of an 8 000-kVA. transformer to 
be used in conjunction with the 30-mile transmission, particulars 
of which were given in Art. 25. The assumed performance is as 
follows:— 

Efficiency at full load = 98 
Efficiency at one-fourth load = 96 7o- 
Regulation at full load 80 % power factor = 4 

The equivalent resistance and reactance of the transformer (to 
neutral) can then be found by the method outlined below. At full 
load the input is 
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g - ^ - ^ g = 2 721 09 kW. per phase, 

80 that the total loss per phase at full load is 54 420 watts. 

At one-fourth load the input is 


2 000 
3 X 0-96 


694*44 kW. per phase, 


80 that the total loss per phase is 27 770 watts. 

The iron loss is constant at all loads, but the copper loss varies 
approximately as the square of the load, so that if a: = the iron 
loss, and y == the copper loss at full load 


and 

from which 
and 


a; + 2 / = 54 420 watts, 

a; + = 27 770 watts, 

lb 

a; = 26 000 watts, 

2 / == 28 420 watts. 


The current at 17 320 volts to neutral is 154 amperes, so that 
the equivalent resistance of the transformer referred to the high- 
voltage circuit is 

28 420 
“ 154 X 154 

= 1* 198 ohms (to neutral). 


The equivalent reactance can be obtained from formula (33) as 
applied to the regulation of a transformer. 


or 


Regulation = TRt cos (f> + IXt sin (f>, 
Regulation - IRt cos </> 




I sin 


iircr 


154 X 0*6 

5* 900 ohms (to neutral). 


Supposing, now, this transformer to be installed at the receiving 
end of the line, the resistance and reactance can be added to the 
corresponding values for the line conductors, and the characteristics 
of the load at the high-voltage side of the sending-end transformer 
calculated as though there were no transformers in circuit. In a 
similar way the effect of the sending-end transformer can be taken 
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into account, and the electrical conditions determined at the 
terminals of the generator. 
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CHAPTER IV. 

PERFORMANCE OF LONG TRANSMISSION LINES 
(LOCALISED-CAPACITANCE METHODS OF SOLUTION). 

29. Representation of Line Capacitance by Condensers.— 

In the transmission of power by overhead lines having a length of 
over 50 miles (and in nearly all cases where high-pressure under¬ 
ground cables are employed) the capacitance current of the system 
is appreciable and must be reckoned with in all calculations. This 
capacitance current is always flowing in the line while the gener¬ 
ating-station switches are closed even though the receiving end of 
the line may be open-circuited. The actual value of the capacitance 
current flowing at any point along the line is that required to 
charge the section of line between the given point and the receiving 
end, hence it has a maximum value at the sending end and 
diminishes at a practically uniform rate down to zero at the 
receiving end. 

The effect of the capacitance current can be approximately 
taken into account by assuming that the capacitance of the system 
is divided up and ‘ lumped ’ in the form of condensers shunted 
across the line at one or more points. 

The commonest localised-capacitance methods of representation 
are:— 

1 . The middle-condenser, or nominal-T method in which the 
capacitance of each conductor is represented by a condenser of 
equal capacitance shunted between conductor and neutral midway 
along the line. 

2 . The split-condenser, or nominal- 7 r method in which one-half 
the total capacitance of each conductor is assumed to be shunted 
between conductor and neutral at each end of the circuit. 

30 . Nominal-T Method. —This method assumes that the 
total capacitance of the line may be concentrated at its middle 
point and so the full charging current flows over half the line. 
The arrangement of the circuit is then as shown schematically in 
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the upper part of Fig. 21. At the terminals of the condenser the 
voltage has a value E' intermediate between the sending-end 
voltage Ei and the receiving-end voltage Er. A capacitance 
current 4, leading E' by 90 degrees, accordingly flows along the 
sending-end half of the line to charge the condenser. The current 
in the receiving-end half of the line is the load current /y, and in 
the sending-end half of the line it is 7, the vector sum of the 
capacitance current /<. and the load current It. 


SENDING 

END 


4 


I —WAV'— 


E, 


I© 


/ 

E' 


§ ^ 


RECEIVING 
END 


NEUTRAL 


LOAD 

VO.-jB. 


S 



In the vector diagram the various quantities are represented as 
follows;— 

07) is the current in the receiving circuit. 

OR is the voltage to neutral at the receiving end drawn (f>r 
degrees in advance of 07); cos (f)r being the load power 
factor. 

RA drawn parallel to 07) is the ohmic pressure drop in the 
receiving-end half of the line. 

AM drawn 90 degrees ahead of 07) is the reactive pressure 
drop in the receiving-end half of the line. 
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OM is the voltage at the centre of the line. 

DN drawn 90 degrees aliead of OM is the charging current of 
the line, 

which is the vector suw of OD and DN m the current at 

the sending end. 

ME drawn parallel to ON is the ohmic pressure drop in the 
sending-end half of the line. 

ES drawn 90 degrees ahead of ON is the reactive pressure 
drop in the sending-end half of the line. 

OS is the voltage at the sending end. 

<f>s is the phase-angle at the sending end: cos being the 
power factor at this end. 

In order to determine the performance of the line by means of 
complex quantities let 

- jB^ = admittance of receiving circuit, 

Z = iJ + jA" = impedance of line, 
and B = condensive susceptance of line. 

Then referring to the schematic diagram in the upper part of 
Fig. 21 we have 
Ir = - jB,). 



+ 


(R+jX)(G, - jB,) 


]■ 


Ic = E’jB 
= jBE,^\ + 

= Er[G, - jB, + ji;{l + . ( 46 ) 

£,.£'+^^7, 

t 2 2 


- + {R +jX)(^G, - jB, +^-|) +^^(R +jX)XG, - jBi)}. 

(47) 
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31. Nominal>7r Method, —This method assumes that the total 
capacitance of the line is split up, one-half being placed across the 
line at each end In this case one-half of the total charging cur¬ 
rent flows over the entire line. 

The schematic diagram for this arrangement of the circuit is 
given in the upper part of Fig. 22. The current flowing in the 
line is 4 the vector sum of the load current I and the current Icr 
taken by the receiving-end condenser. Knowing this resultant 
current, the voltage at the sending end can easily be found by the 


sendino cno 



4 


X R 

—WAAAA 




Fia. 22.—Split-condenser or nominal-ir method. 


fundamental impedance method used for short lines. The sending- 
end voltage is therefore more readily calculated by this method 
than by the middle-condenser method which requires the calcula¬ 
tion of the two separate halves of the circuit. If, however, the 
sending-end current and power factor are also required, a second 
calculation must be made to determine them. In such a case the 
current 7 « consumed by the condenser at the sending end must be 
added vectorially to that in the line. 

In the vector diagram the various quantities are represented as 
follows;— 
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OR is the voltage to neutral at the receiving end. 

• OD is the load current drawn (f>r degrees behind OR : cos 
being the load power factor. 

DP drawn 90 degrees ahead of OR is the charging current 
consumed by the receiving-end condenser. 

OP which is the vector sum of OD and DP is the resultant 
current in the line. 

RC drawn parallel to OP is the ohmic pressure drop. 

CS drawn 90 degrees ahead of OP is the reactive pressure drop. 

OS is tlie voltage to neutral at the sending end. 

PN drawn 90 degrees ahead of OS is the charging current con¬ 
sumed by the sending-end condenser. 

ON which is the vector sum of OP and PN is the resultant 
sending-end current. 

(f)s is the phase angle at the sending end: cos (f>s being the 
power factor at this end. 

Applying complex quantities to the solution of the same circuit 
we have the following relations :— 


Ir = I+ Icr 

= EriG, - jB,) + 

= Er{G, - jB, + 
hs = hr + J N') 

= Er + Er{G, - jB, + ^^){R + jX) 

= ^r[l + {g, - jB, + •?!)(« + iZ)|. . . . ( 48 ) 

= + ((?, - jB, + jZ)j. 

Is — I + fcs 

= Er{G,-jB, {l + (g, -jB, 

IP f /X ' D .•D , i^( /V D . VnI / A r»\ 
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32, Numerical Example. —Transmission line problems may 
be solved graphically by drawing the vector diagram to scale, but 
it is difficult to obtain accurate results by this method owing to 
the varying magnitude of the quantities represented, and it is ad¬ 
visable to calculate all quantities.’ These calculations may be made 
trigonometrically, using the appropriate vector diagram as a guide, 
or the method of solution by means of complex quantities may be 
employed. 

In order to show the nature of the agreement between the 
results obtained by the two localised-capacitance methods, the same 
problem will be solved by both methods. 

Problem 3.—Find the characteristics of the load at the sending 
end of a three-phase line 120 miles long, consisting of three No. 3/0 
S.W.G., hard-drawn copper conductors, spaced in a nine-foot delta 
arrangement. Temperature taken as 20° C. Load conditions at 
receiving end assumed as 15 000 kVA. (13 500 kW. at 90 7o power 
factor lagging), 88 000 volts, 50 cycles. 

From wire tables the resistance per mile of wire is found to 
be 0* 406 ohms, and the diameter of the wire is 0' 372 inch. 

The resistance of each conductor is therefore 

= 0 * 406 y 120 - 48*7 ohms. 


The inductance of each conductor is 


080 + 0- 741 log,, 


108 


10 - 


120 


Z = (o- -X-V, — 

— 0* 255 henries, 
and the reactance is 

Z = 27r X 50 X 0‘ 255 
= 80’2 ohms. 

The capacitance of each conductor from formula (15) is 


(9) 


C = 


0^388 
108 


10 - 


120 


logio Q. Jgg 

= 1‘68 X 10 “® farads, 

and the condensive susceptance is 

£ = 2Tr X 50 X 1-68 x lO"® 
- 0- 000529 mhos. 
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At the receiving end of the line 

kVA, = = 5 000 kVA. per phase. 

k Wr = = 4 500 kW. per phase. 

Qo 000 

Er =-= 50 810 volts to neutral. 

x/3 

cos (t>r = 90 % lagging. 

The load current is 


I = 


5 000 X 1 000 


98*5 amperes. 


50 810 
The load admittance is 
/ 

Er 
98‘5 

50 810 ^ ^ ^91939 mhos per phase. 




5 



The load conductance is 
Oi = Fj cos (f>r 

= 0' 001939 X 0*9 = 0* 001745 mhos per phase. 

The load susceptance is 
=» Fj sin (f)r 

= 0* 001939 X 0* 4359 = 0* 0008450 mhos per phase. 

33. Nominal-T Solution. —The graphical vector solution for 
the above problem by the nominal-T method is indicated in Fig. 23, 
although, for tlie sake of clearness, this is not drawn strictly to 
scale. 

The electrical conditions at the middle of the line are first of all 
determined as follows:— 
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T R 

— = 98*5 X 24*35 == 2 399 volts (resistance drop). 

7 X 

X. 98 5 X =» 3 950 volts (reactance drop). 

E- . 50 81oV(0'9 + ^)‘ 4. (O- 4359 + 

from formula (31) 

= 50 810n/(0* 9472)2 ^ (q. 5135)2 
« 54 750 volts to neutral. 

0 * 5135 

E' leads the current vector 02) by tan “ ^ =* 28*47°. 

U* y4>7 Jt 

So 

E' = 54 750 /28*47° volts to neutral with reference to vector OD. 
=» 54 750 //2*63° volts to neutral with reference to vector OR. 

The current consumed by the condenser leads the voltage E' 
by 90 degrees and is 

Ic - 0* 000529 X 54 750 - 28*96 amperes. 

The current in the sending-end half of the line is determined 
as follows:— 

OB =* 98*5 cos 28*47° = 86*59 amperes. 

BD =98*5 sin 28*47° = 46*95 amperes. 

BN = 46*95 - 28*96 = 17*99 amperes. 

/, = ON =x/86*5y2 +117 *992 

= 88*44 \11*73° amperes with reference to vector OB. 
= 88*44 \ 9 * 10 ° amperes with reference to vector OR. 
The sending-end voltage is then found as follows:— 

I T> 

= 88*44 X 24*35 = 2 154 volts (resistance drop). 

IX 

2 = 88*44 X 40*1 = 3 546 volts (reactance drop). 

£, - 64 75o7(c« 11-73- + + (sin 11 73" + 

_(31) 

- ’W(0' O’"' + sVWo)’ + («■ 1 sTreo)’ 

- 54 750x/(l* 0184)2 + (0* 2682)2. 

= 57 660 //14*75° volts to neutral with reference to vector ON 
== 57 660 /5*65° volts to neutral with reference to vector OR. 
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The other electrical conditions at the sending end are 
cos = cos 14 75° = 96 '70 °/„ 
kVA, = 57 660 x 88 44 = 5 099 kVA. per phase. 
kWj = 5 099 X 0‘ 9670 = 4 931 kW. per phase. 
Loss = 4 931 - 4 500 = 431 kW. per phase. 

Efficiency = —- = 91-26 /„. 

In order to solve the same problem by complex quantities, it is 
only necessary to substitute numerical values in the analytical ex¬ 
pressions for voltage and current derived in Art. 30. 

The sending-end voltage is 

= ^1 + (R +jZ)((?i - jR, + -iB,)} 

(47) 

= 50 810{1 +(48-7 + 80-2j)(0- 001745 - 0- 0008450j + 0- 0002645;) 

+ 0- 0001322;(48-7 +80-2j)X0- 001745 - O' 0008450;)} 

= 50 810(1-1293 + 0- 1116;), 
and its absolute value is 


E, = 50 810v'(l- 1293)2 + (0- 1116)2 
= 57 660 volts to neutral. 

The sending-end ciurent is 


/* 


= Er\Q^ - jB, + ;r|i + .jROjj . . (46) 

= 50 810[0- 001745 - 0* 0008450j 

+ 0* 000529j{l + (24-35 -f-401j)(0- 001745 - 0- 0008450;)}] 

= 50 810(0- 001719 - 0- 0002753;), 


and its absolute value is 


/, = 50 810^(0- 001719)2 + (0- 0002753)2 
= 88*44 \9*ro° amperes. 

These results check exactly with those previously obtained by 
trigonometrical calculation. 

34. Nominal-TT Solution.— The graphical vector solution for 
Problem 3 by the nominal- 7 r method is indicated in Fig. 24, 
although, like Fig. 23, this diagi'am is not drawn strictly to scale. 

The charging current consumed by the receiving-end condenser 
leads the voltage at this end by 90 degrees and is 

let — 0- 0002645 X 50 810 — 13*44 amperes. 
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The resultant current in each conductor is the vector sum of 
the load and condenser currents, and is determined as follows :— 

OB = 98*5 X 0*9 = 88*65 amperes. 

BD =» 98*5 X 0 * 4359 = 42*92 amperes. 

BP = 42*92 - 13‘44 = 29*48 amperes. 

= OP =v/^*652 + 29*482 

= 93*42 \18*40® amperes with reference to vector OR, 

The voltage consumed by the resistance and reactance of each 
conductor is 

IrR = 93*42 X 48*7 = 4 550 volts (resistance drop). 

IrX == 93*42 X 80*2 = 7 492 volts (reactance drop). 



The sending-end voltage is 

E. . 50 81oV(co, 18-40- + * + (.in 1810- + 

= 50 810V(1- 0384)2 ^ (0- 4631)* 

= 57 770 /24 03° volts to neutral with reference to vector OP. 
= 57 770 /5*63° volts to neutral vnth reference to vector OR. 

The charging current consumed by the condenser at the send¬ 
ing end leads the voltage at this end by 90 degrees and is 

Ics = 0* 0002645 X 57 770 = 15*28 amperes. 

The sending-end current is the vector sum of the current flow¬ 
ing in the conductor and the current consumed by the condenser 
at the sending end. It is found as follows:— 

OT = 93*42 cos 24*03° = 85*33 amperes. 

TP = 93*42 sin 24*03° = 38*05 amperes. 

TN « 38*05 - 15*28 « 22*77 amperes. 


6 
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Is ^ ON ^ -v/85'33* + 2277^ 

88’31\14-93° amperes with reference to vector 0/S 
=» 88*31 \9’30° amperes with reference to vector OR, 


The electrical conditions at the sending end are therefore 
cos = cos 14*93° = 96*62 % lagging. 
kVAj = 57 770 x 88*31 = 5 102 kVA. per phase. 
kW, “ 5 102 X 0* 9662 «= 4 929 kW. per phase. 
Loss = 4 929 - 4 500 = 429 kW. per phase. 


Efficiency = 


4 500 X 100 
” 4 929 


91*29 %. 


Applying complex quantities to the solution of the problem the 
sending-end voltage is 

E, = ^1 + (g, - jB, + ^^)(R + jZ)} . . . (48) 

= 50 810{1 +(0- 001746-0- 0008450;+ 0- 0002645;) 

(48-7+80-2;)} 

= 50 810(1- 1315 + 0- 1117;) 

=• 57 770 //5-63° volts to neutral. 

The sending-end ciurent is 

I, - Er[o, - jB, + jB + - jB, + •^|)(B + ;Z)| (49) 

« 50 810{0* 001745 - 0* 0008450j + 0* 000529; 

+ 0* 00026459(0* 001745 - 0* 0008450? + 0* 0002645?) 

(48*7 + 80*2;)} 

- 50 810(0* 001715 - 0* 0002809;) 

» 88*31 \9*30° amperes. 

The above results correspond exactly with those previously ob¬ 
tained by the trigonometrical method. 

35 . Ferranti Effect. —On a long transmission line, open-cir¬ 
cuited, or only very lightly loaded, a rise of pressure occurs at the 
receiving end. This is generally known as the ‘ Ferranti effect * 
owing to its first being observed on the Deptford mains laid down 
by S. Z. de Ferranti in 1890.^ 

This pressure rise is due to the e.m.f. of self-inductance of the 
charging current being in phase with the impressed voltage at the 
sending end of the line, and thus both capacitance and inductance 
are necessary to produce the phenomenon. 
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In order to determine the magnitude of the pressure rise one- 
half of the total line capacitance will be assumed to be concentrated 
at the receiving end. In Fig. 25 the receiving-end voltage to 
neutral is represented by OR, while OD drawn 90 degrees ahead of 
OR is the dxarging current consumed by the receiving-end con¬ 
denser. When the load is entirely disconnected OD is the total 
current in the conductor. The voltage consumed by the resistance 
of each conductor is RC drawn in phase with OD, and the voltage 
consumed by the reactance of each conductor is C8 drawn 90 
degrees ahead of OD. Thus the voltage at the sending end of the 
line is 08, which is smaller than that at the receiving end. 

In,the case of short lines the magnitude of the effect is negligible, 


0 



but it increases rapidly as the length of the line increases, and on 
a 300-mile 50-cycle overhead transmission the receiving-end voltage 
on open-circuit would be 10 to 16 7o higher than the sending-end 
voltage. 

Overhead lines having a suflScient length to bring the effect 
into prominence usually have a fairly large reactance compared 
with resistance, and by taking advantage of this fact a simple ap¬ 
proximate formula to calculate the magnitude of the effect can be 
found. Thus, referring again to Fig. 25, if RG can be neglected 
in comparison with C8, the pressure rise OR - 08 can be taken 
as equal to the induced volts without introducing any serious error. 

The charging current flowing in the conductors is 

4 = 27Tf^El, 


. (60) 
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where O'* = the capacitance per mile of conductor in farads 
and I => length of line in miles. 

The induced volts are 

IcX = 2nfL,Icl .(51) 

where = the inductance per mile of conductor in henries. 
Substituting for /* in the above, 

r,X = (2iTfy^l^E volts, . . . (52) 

but from formulae (9) and (15) it can be seen that the product LqCq 
for all overhead lines has a practically constant value of 3 x 
hence the pressure rise at the end of the line is 

Q V 10-1^ 

IcX = (2rrff~ - 

^ 5'9EfHnO-^^ volts. . . (53) 

For 50-cycle lines this gives an approximate value of 

In the case of the particular line having the constants given in 
Problem 3, the pressure rise at zero load is 

1-5 X 50 8Io(Jg^)’ 

= 1 100 volts to neutral, 

or assuming that the receiving-end voltage was held constant at 
50 810 volts to neutral, the corresponding sending-end voltage 
would be 

Eso = 50 810 - 1 100 

= 49 710 volts to neutral. 

36. Charging Current and Losses in Open-circuited Line.— 

In transmission line operation the voltage at the receiving end is 
usually maintained at a constant value although the actual load 
on the system may vary considerably at different times. 

The charging current of an open-circuited line then refers to 
the amount of current flowing into the line at the sending end with 
normal voltage and zero load at the receiving end. 

In many cases the total charging current of the system is de¬ 
termined by multiplying the total ausceptance of the line by the 
receiving-end voltage. This would be correct if the voltage 
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throughout the entire length of the line had the same value as at 
the receiving end. As shown above, this condition is only approxi¬ 
mately complied with, but this method of finding the total charg¬ 
ing current is sufficiently accurate for most commercial lines. 

Making then the assumption of voltage equality along the line, 
the actual value of the charging current will decrease uniformly 
from its maximum value at the sending end to zero at the receiv¬ 
ing end. 

The value of the current at a point x miles from the sending end 
of a line I miles in length is 

-x), .... (55) 

where Ic is the total charging current as found by the above 
method. 

The average value of the square of this quantity is 

i\, W - 
/ 2 

= 3 .(56) 

Hence at open-circuit, the power losses in each conductor are 

.(57) 


Applying these results to the line described in Problem 3, the 
charging current is 

Ic - 50 810 X 0 - 000529 
= 26*87 amperes, 

the kilovolt-amperes put into the line at the sending end are 

kYAso = 50 810 X 26*87 x 10 " * 

= 1 365 kVA. per phase, 

and the open-circuit power losses are 
26*872 

—g— X 48*7 X 10 ~ 

= 11*72 kW. per phase. 

37. Effect of Capacitance on Performance of Loaded Line. 

—When, as usually obtains in practice, the transmission line 
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supplies an inductive load, the effect of capacitance is to reduce the 
pressure drop along the line and also to decrease the copper losses 
of the system. The magnitude of this effect depends on the phase- 
angle at the receiving end. 

In any line, the cmrent flowing along the conductors can be 
split up into two components, the load current and the charging 
current. The effect of the load current with lagging or unity 
power factor in the receiving circuit is to produce a voltage at the 
receiving end lower than that impressed on the line at the sending 
end. The charging current, however, tends to raise the receiving- 
end voltage, consequently the pressure drop along the line is 
diminished by the amount indicated by formula (53). 

In this connection the distinction between the following terms 
should be noted: 1 . Impedance drop, 2 . Pressure drop, and 
3. Regulation. 

1 . The impedance drop in the line is the voltage consumed in 
the line impedance. It is the vector difference between the send¬ 
ing-end voltage and the receiving-end voltage. 

2. The pressure drop is the arithmetical difference between the 
sending- and receiving-end voltages. 

3. The regulation is the change of pressure at the receiving end 
when full load is thrown off, the sending-end voltage being held 
constant. In the case of short lines the regulation and pressure drop 
are numerically equal. In lines where capacitance effects have to 
be reckoned with, the regulation is greater than the pressure drop 
by the pressure rise due to the Ferranti effect. 

Thus, referring again to Problem 3, and using the results of the 
split-condenser method of solution, 

Regulation = Pressure drop + 1 100 

= 57 770 - 50 810 + 1 100 
= 8 060 volts to neutral, 

and expressed in terms of the receiving-end voltage 

^ 8 060 X 100 

Percentage regulation = —50 gi o 
= 15*86 7 ,. 

The presence of capacitance also influences the power losses of 
the system by an amount depending on the relative values of the 
charging current and the quadrature component of the load current. 

For instance, referring to Fig. 22 , the load current I can be 
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resolved into the two components I cos <f)r in phase with Er, and 
/sin <pr in quadrature behind Ef, The charging current /cr is 90 
degrees ahead of Er and hence reduces the value of the quadrature 
component of the resultant liAe current from / sin <^r to /sin <^r - /cr 
The resultant line current is thus 

4 = %/(/ cos + (7 sin (f>r ~ /cr)^ 
and tlie copper losses are reduced in the ratio 

k = cos (PrY + ^ si n ~ Icry 

It is easily seen from this formula that a reduction in the losses 
takes place so long as Icr is less than 21 sin <j)r. 

Assuming now that the power factor of the load is unity there 
will be no quadrature component of the load current. Thus the 
effect of the charging current in a line supplying a non-inductive 
load is always to increase the copper losses. 

Also if the power factor is lagging, but the actual load on the 
system is small, Icr may be greater than 21 sin giving again an 
increased line loss. 

In this connection Table 2 has been calculated from the data 
given in Problem 3, and shows the actual copper losses expressed 
as a percentage of what they would have been if there had been no 
charging current present in the line. 


Table 2.— Effect of Capacitance on Line Losses of a 
Particular Transmission. 


1 

Load Power Factor. 

Actual PR Losses as a Percentage of those 
which would Exist if Charging Current 
were Zero. 

80 % lagging 

86-5 

85 „ 

87-6 

90 „ 

90-0 *»/, 

95 .. 

93-3 

Unity 

101-9 % 


With the normal type of load-factor curve the actual effect of 
capacitance on the line losses during a 24~hour period is often 
negligible. 

38. Limitations of Localised-capacitance Methods of 
Solution. —The localised-capacitance methods of solution are 
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capable of giving fairly accurate results for 50-cycle overhead 
lines up to about 150 miles in length. That is to say, the per- 
cenhge error in the sending-end voltage, as calculated from the 
receiving-end data, by either of the methods described will be less 
than 1 °/j, for lines of this length. It is interesting to note that 
the nominal-T method over-compensates (that is, gives sending-end 
voltages which are too low), while the nominal-7r method under¬ 
compensates. 

A still higher degree of accuracy can be obtained by the three- 
condenser method suggested by Steinmetz,® in which the capacitance 
of the line is assumed to be concentrated across the line at three 
points, one-sixth being localised at each end and two-thirds midway 
along the line. 

As a matter of fact, however, localised-capacitance methods are 
now chiefly of academic interest where very long lines arc con¬ 
cerned, as formulae have been developed which take into exact 
account the distributed character of the capacitance and other line 
constants, and at the same time do not involve much more labour 
in computation. 
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CHAPTER V. 

PERFORMANCE OF LONG TRANSMISSION LINES 
(RIGOROUS METHODS OF SOLUTION). 

39. Alternating-current Phenomena in a Line having Dis¬ 
tributed Electrical Properties. —In order to obtain a physical 
conception of the voltage and current variation from point to point 
on a long transmission line it may be imagined that the line is 
divided into n sections each having a resistance, inductance and 

capacitance ^th of those for the whole line. Also to take account 

of the energy losses occurring through leakage over the insulators, 
or due to corona effect between conductors, a conductance of value 

Q 

^ may be assumed to be connected across the line at each section. 

The line is then represented schematically by the upper part of 
Fig. 26. 

Starting from one end of tlie lino, the voltage and current at 
any point can bo found by taking each section in turn and con- 
sti-ucting a diagram showing tlio voltages and currents consumed 
by the components of each section. 

For example, in Fig. 26, OR{Er) represents the voltage to 
neutral at the receiving end of the line, and OD{Ir) the current in 
each conductor lagging (j)r degrees behind Er. 

Consider first the section next to the receiving circuit. 

A voltage RE^, proportional to and in phase with OD, is con¬ 
sumed by the resistance, and a voltage EJE^, proportional to and 
90 degrees ahead of OD, is consumed by the reactance. In tlie 
same section there is a current D/j, proportional to and in phase 
with the voltage OR, representing the loss of current by leakage, 
and a current /i//, proportional to and 90 degrees ahead of OR, 
being the charging current of the section. 

Thus at the sending end of this section, the voltage and current 
are OE^ and 0// respectively. 
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Passing now to the next section, voltages and E^E.! are 

consumed in phase and 90 degi’oes ahead of 0// respectively, and 
both proportional thereto, and also currents I{l 2 and I 2 I 2 hi phase 
and 90 degrees ahead of OE^' respectively, and botli proportional 
thereto. 

In a similar manner, passing along from section to section, 
curves RE^E^ . . . and DI^L^ . . . are obtained which represent 



D^l, 

Fiq. 2G.—Transmission line with distributed electrical properties. 

the loci of the voltage and current vectors of the lino, and tliose 
can be traced out until the sending end of the line is reached. 

When the number of line sections is infinite, the voltage and 
current loci can be readily calculated by means of hyperbolic 
functions, and then appear as smooth curves which have been 
called by Steinmetz ‘ Topographical circuit characteristics.’' 

Fig. 27 shows the topographical circuit characteristics of a 
transmission line having the following constants per mile of con¬ 
ductor :— 
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Resistance « 0‘ 275 ohms. 

Reactance = 0* 769 ohms. 

Conductance = 0*15 x 10 * mhos. 

Susceptance == 5*52 x 10 “ ® mhos. 

Frequency = 60 cycles per second. 

The receiving-end voltage to neutral is 50 000 volts, and the 
load current is 25 amperes, lagging 
25 degrees, behind the voltage. 

In order to show clearly the 
nature of the phenomena which 
occurs, a line length of 2 000 
miles is taken, the vectors for the 
end of each 400-mile section being 
drawn. 

It will be observed that passing 
from the receiving end towards the 
sending end of the line, the voltage 

and current alternately rise and „ ^ ^ ,. . • . i. 

« 1 r 1 ji-iy Fig. 27.—Topographical circuit char- 

fall, while the angle of phase differ- acteristics £or a long line. 

ence changes periodically between 

lag and lead. This is shown more clearly in Fig. 28 where the 



Line Lenghh - Hundreds oT^Miies 

Fig. 28.—Voltage, current, and phase-angle in a long line. 


800 





72 


ELECTRIC POWER TRANSMISSION 


values of voltage and current are plotted in rectangular co-ordinates 
with the distances from the receiving circuit as abscissse. 

40, Line Constants. —When the number of sections into which 
the line is supposed to be divided becomes infinite, the four 
electrical properties, viz. resistance, inductance, capacitance, and 
conductance, are evenly distributed throughout the length of thv 
line, and thus conform to the conditions actually obtaining in 
practice. For this case rigorous mathematical formulae can be 
applied to calculate the performance of the line. 

Let 

r = resistance per unit length of line, 

X == reactance per unit length of line, 
b = susceptance per unit length of line, 
and ^ = conductance per unit length of line. 

These constants must be regarded as effective values, since the 
apparent properties of a transmission system carrying alternating 
currents are dependent, to some extent, on the frequency of the 
supply. 

Then 

z ^ r + jx = impedance per unit length, 
and U = 9 jb ^ admittance per unit length, 

or in absolute values 

z = s/r^ + x\ 
y = \/ 

41 . Fundamental Differential Equations and Solutions.— 

The impedance of an element dl of the line is 

zdlf 

and the voltage dE consumed by the current I in this element 

dE = zidl. 

The admittance of the line element dl is 


ydl, 

and the current dl consumed by the voltage dE of this element 

dl = yEdl. 

This gives the two equations 


dE 

dt 

dl 

dl 


= Zl) 
= 2 /^- 


(59) 


( 60 ) 
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Differentiating the first equation and substituting therein the 
second gives 

. 


and from the first equation follows 

T _\dE 
• z dl' 


(62) 


Equation (61) is integrated by 

E - Ae^\ .... (63) 
and substituting (63) in (61) gives 

P = zy, 

hence 

V = ±\/zy. 

Thus there exist two values of V which make (63) a solution of 
(61), and tlie most general solution therefore is 


E = . 

• • (64) 

Substituting (64) in (62) gives 


I = ^'’^\A'e'-^‘y‘ - A''e-'j'‘y‘], 

. . (65) 

where / is counted from some point of the line as starting-point, as 
for instance from the receiving end. 

If then, Er and It are respectively the voltage and current at 
tlie receiving end of thi* line where Z = 0 we have 

Ey ~ A -h A f 


Ir = 

hence 


A' = 

. . (66) 

1 

II 

• • (67) 


and substituting (66) and (67) into (64) and (65) respectively 

V z j 

y 


c^s/zyl . p-sJtyl 

E = Er" -+ 


^ = ^ + 


y 2 

'2 • 


( 68 ) 

(69) 
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Replacing the quantities in brackets by their equivalent hyper¬ 
bolic functions and noting that 

±Jzyl = ±JZY, 

where 

Z ^ zl total line impedance, 
and 

Y — yl total line admittance, 
gives the sending-end voltage and current as 


Et = Er cosh ^ZY + /r^^sinh s/ZV, . (70) 

I, = Ir cosh v'lF + Er^J^ sinll ^ZF, . (71) 


which are the fundamental equations of voltage and current for a 
transmission line. 

42. Introduction of Convergent Series. —Provided that tables 
or charts of complex hyperbolic functions are available, the above 
equations may be applied directly for the calculation of the line 
performance. If. however, this material is not available, the 
equations can be written in a form suitable for computation by 
using an infinite series the successive terms in which decrease 
rapidly. 

The series for the hyperbolic cosine and sine are 


<92 

cosh ^ = 1 -f 1^2 
0 ^ 

sinh 6^9 + ^ 


0^ 
+ |4 
0 ^ 


+ |5 + 1 ^ 


0^ 

|7 + 


Introducing these series in (70) and (71) with 



0 = ^ZY. 


gives 



E, = Er{l+ 2 + 24 

• • •) + Iryl~{yZY+^^^" + 

(72) 

- ZY 


...). 

(73) 
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and by combining factors in the second portion of each 


Es - Er{ l + 2 24 720 


+ _r (1 + g + + 5 Q4Q + 


K 


V 

^ ^Sp ^3p 

^ 2 24 720 

+ + X 120 + 5 040 




•). (74) 
• ( 75 ) 


43. Auxiliary Constants of Circuit. —In the above equations, 
the three auxiliary constants, which take into account the distributed 
nature of the line properties, are represented by the quantities 

A * coshV-^F 


2 24 720 ■ 



■B - ainh^^F 



ZY Z-^ Z^y 

0 120 5 040 



C 


lY 

sinh^^F 


ZY PP PP 

6 120 5 040 


+ . 



Equations (74) and (75) may therefore be expressed in terms 
oi A, B, and C as follows :— 

Es = ErA + IrB, . . (76) 

7, = IrA + ErG, .... (77) 

If the voltage and current values at the sending end are given, 
the corresponding values at the receiving end may be found by 
substituting - I for I in equations (68) and (69), which gives 

Er = EsA - TsB, . . . . (78) 

4 = IsA ~ EsG .(79) 

It should be noted that these auxiliary constants A, B, and C 
are functions of the physical properties of the line and of the 
frequency only, and not of the voltages and currents. In effect, 
all the various methods for transmission line solution are only 
schemes for determining the values of these constants. Having 
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these numerical values, they may then be applied directly to any 
numerical values of E and I for which a solution is desired. From 
this point on, the performance of the line may be determined either 
by mathematical or graphical methods. 

44. Illustration of Convergence of Series. —When using the 
convergent series expressions fur determining tlie auxiliary con¬ 
stants of the line, any desired degree of accuracy may be obtained 
by simply using a sufficient number of terms in the series. 

To illustrate the manner of convergence of the series, Table 3 
has been prepared, and shows tlie polar values of the auxiliary 
constants for a 300-mile, 50-cycle transmission having the line 
constants 

R = 52 5 ohms. 

X — 188'4 ohms. 

G ^ 0 

B - 0* 001411 mhos. 


Table 3. —Convergevee of Series Expressions for the Auxiliary 
Constants of 600-Mile Transmission Line. 

li — 62‘5 ohms. A' = 188*4 ohms. G — 0. iJ - 0* 001411 mhos. 


No. of I 
Terms. 


1 

2 

3 

4 

Inf. 


1-00000 /O-OOO^ 

0- 86787 //2-44G^ 

. I 

0- 87052 / 2-330° | 

0- 87050 X2-332° I 

0- 87050 /'2-332° 


] 96-58 /74-429° 

186- 93 //75-169° 

187- 03 /75-149° 
187-03 /'76-150° 
187-03 /75-150^ 


0- 001411 I 90-000° 

0- 0013486 \90-740° 
0- 0013494 \90-720° 
0- 0013494 \90-72^° 
0- 0013494 \90-721° 


An inspection of the table sliows that the use of three terms in 
the series expressions yields results which are sufficiently close to 
the exact values as obtained by the use of hyperbolic functions 
(infinite number of terms). In most cases occurring in practice, 
two terms will give a high degree of accuracy. 

45. Solution of Problems by Convergent Series Method.— 
When the physical characteristics of the line and the frequency are 
stated, the form of solution and procedure will be on the following 
lines:— 

The total resistance, reactance, and susceptance for one of the 
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line conductors is first calculated. The conductance, which 
represents the energy loss in the form of leakage over insulators 
and of corona loss between conductors, is usually negligible under 
normal operating conditions, and it is common practice to ignore 
its effect in calculations. 

The values of Z and Y can now be set down in the form of 
complex quantities, and by successive multiplication the second, 
third and fourth power of ZY can be found, according to the 
degree of accuracy required. 

After the values of ZY, Z^Y^, Z‘^Y^, etc., have been calculated 
they are divided by 2, 24, 720, etc., respectively, set down and 
added to unity. This gives the value of the auxiliary constant 
which is a complex quantity and may be referred to as A ^ + jA^. 
The absolute value of constant A is of course ^A^ + A^^, and its 


polar angle is tan “ ^ 

The solution for B is of the same form as that for A except 
that the values of ZY, Z^Y'^, Z^Y^, etc., are divided by 6, 120, and 
5 040, etc., respectively. After these results are added to unity 
they are multiplied by Z, the product being the value of the 
auxiliary constant B, or B^ + The absolute value of B is 

obtained in the same manner as that of A . 

The solution for G is the same as that for B except tliat in 
place of the series terms being multiplied by Z, they are multiplied 
by Y, and the value of G, or G^ + jG.^ obtained. 

Supposing now that the voltage Er and current Ir at the re¬ 
ceiving end of the line are specified, the conditions at the sending 
end can be found directly by applying the above constants. It 
should be noted that, in general, both Er and L are complex 
quantities, but since the receiving-end voltage is kept constant Er 
is taken as a vector of reference, and If must be specified in relation 
thereto. Hence the factor (cos ± j sin (f>r) is introduced, the 
minus sign being used when the current is lagging and the plus sign 
when the current is leading. 

The equations for the voltage and current at the sending end of 
the line may thus be expressed as 


Es = Er{A^ + jAg) + /r(cos <f>r ± j siu (f>r){B^ + jB.^), ( 80 ) 

/, = 7r(C08 <f)r ±j sin <^r)(Ai + jA.j) + £’r(Oi (81) 
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SimiJarly, if the voltage and current at the sending end are 
given, the corresponding quantities at the receiving end are 

Er = ^.(Ai + jA^) - /,(cos ± j sin (82) 

I, = /,(co8 <^, ± j sin </) 5 )(Ai + jAj) - E,{G.^ + jC.^. (83) 

With zero load, the line being open-circuited at the receiving 
end, the term containing Ir disappears, and the conditions at the 
sending end are 

Eso — ErJ^A^ + i-dg), . . (84) 

Ao = + ia^). . . . (85) 


At zero load sending end, the conditions are really not specified 
but what is usually meant is that the line is open-circuited at the 
receiving end. Of course the capacitance current will still have to 
be supplied to the line. If then, is the sending-end voltage 
when all the switches are open at the other end of the line, the 
other quantities can be obtained as follows:— 

From equation (84) we have 


Efo = 


Es. 


+ 3^2 

and substituting for Eto in (85) gives 


E, 


+ jAg 


( 86 ) 

(87) 


46. Numerical Example. —In order to illustrate the con¬ 
vergent series method of solution the following problem will be 
taken:— 

Problem 4.—Find the characteristics of the load at the sending 
end of a three-phase line 300 miles long, consisting of three 0* 418 
sq. in. steel-cored aluminium conductors, spaced in a 12-foot flat 
arrangement. Temperature taken as 20° C. Load conditions at 
receiving end assumed as 40 000 kVA. (36 000 kW. at 90 % 
power factor lagging), 154 000 volts, 50 cycles. 

From wire tables the resistance per mile of conductor at 20° C. 
is found to be 0* 175 ohms, and the overall diameter of the con¬ 
ductor is 0* 931 inch. 

The inductance and capacitance as calculated by the usual 
formulae are respectively 

Lq = 0* 00200 henries per mile; 

Cq = 0* 01498 X 10 “ ® farads per mile; 
and the leakage losses are taken as negligible. 



PERFORMANCE OF LONG TRANSMISSION LINES 79 


Hence the line constants (total value per conductor) are 
R = 525 ohms. 

X = 188'4 ohms. 

G = 0, 

B = O' 001411 mhos. 

The method of procedure is then as indicated in the previous 
article:— 

Multiplication of ZY. 


F = 
Z = 


0 


52 
0 

- 0 

ZF = - 0 
- 0 

+ 0 
- 0 


2272 = + 0 
- 0 

- 0 
+ 0 


= - 0 


+ 0- 001411j 
) + 188-4j 

+ 0-0740777 
265832 + 0 


265832 + 0 
265832 + 0 

0 
0 


070667 

005487 


065180 - 0 
265832 + 0 


017327 + 0 
002917 + 0 


074077j 

074077i 


019692; 

019692; 


039384; 

074077; 


010470; 

004828; 


1 + 


014410 + 0 
Solution for A 


ZY 

'24“ 720 




= - 0- 132916 + 0- 037038; 
+ 0- 002716 - 0- 001641; 


1 - 000000 

2 

FH 

24 

73 p 

= - 0- 000020 + 0- 000021; 

A = + 0- 869780 + 0- 03541^ 

= 0- 87050 /2- 332°. 

Solution for B. 

„ ZY Z?Y^ Z^Y^ \ 

B = Z{1 +-^+^ + +...). 
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1 - 000000 

- 0- 044305 + 0- 012349; 
+ 0- 000543 - 0- 000328j 

- 0- 000003 + 0- OOOOOSj 


+ 0- 956235 + 0 012024j 
Z = 52-5 + 188-4j 

+ 50- 2023 + 0“631;" 

- 2- 2653 + 180- 155j 

J] = +~4F^7o” 4^180 786j 
= 187- 03 /75- 150°. 


IF 

6 

120 

5 ^ 


Solution for C. 


G 


= y/1 + — 4 -- 4 -- 

\ 6 ^ 120 ^ 5 040 

+ O'956235 + 0-012024; 

P = 0 +0' 001411; 


+ 


0 = - 0 000017 + 0- 0013490; 
= 0- 0013494 \ 90' 721°. 


Solution for Es. 

E, = Er(Ai + jA^) + /,(cos <})r - j sill (#>r)(Ri + jB^. (80) 
A, + jA^ = 0- 869780 + O' 035418; 


Er = 88 912 


£'r(A, +jAf) = 77 333-8 + 3 149'08; 
(cos <f>r - j sin <f>r) = 0'9 - O' 4359; 

Ir = 149-96 

/r(co8 - j siii </.,) = 134' 965 - 65- 3680;" 

(R, + jB^) = 47- 9370 + 180' 786; 

^ 469-8’ - ~ 3" 133'5; 

11 817-6 + 24 399-8; 

J[,(cos <f>r - j sin ^rXBi + jB.^) = 18 287'4~T~21 266-3; ’ 

Er{A^ + jA^) = 7^333-8 + 3 149'08; 

E\ = (Ef + jE/’) = 95 621-2 + 24 415A; 

Et = 98 689 /14' 324° volts to neutral. 
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Solution for I,. 


/, =» 4(cos <t>r - j sin </)r)(Ai + y-4j) + Br(Oi + JC^). . (81) 

4(cos tf>r - j sin <^r) = 134’ 965 - 65' 3680; 

(Ai + jAj) = 0- 869780 + O’ 035418; 

117- 3^ 56- 8558; 

2- 315 + 4- 7802; 

/r(cos (pr - j sin <^r)(Ai + jA^) = 119' 705 - 52' 0756; 

(Cj + ;(7j) = - 0- 000017 + 0- 001349; 
Er = 88 912 

- 1- 512 + 119”942; 

4(cos <p, - j sin </),)(A, + jA^) = 119- 705 - 52* 076; 

4 = (/; + ;7.") = ns- 193 + 67- 866; 

Is = 136' 29 /29’ 864° amperes. 


Having found the values of sending-end voltage and current, 
all the other electrical conditions at this end are readily determined 
as follows:— 

98 689 x 136-29 

-rw— 

= 13 450 kVA. per phase. 

- 1 000 

_ (95 621-2 X 118- 193) + (24 415 4 x 67- 866 ) 

1 000 

= 12 959 kW. per phase. 

Loss = 12 959 - 12 000 

= 959 kW. per phase. 

„„ . 12 000 X 100 

Efficiency = 12959 

= 92-60 % 

„ ^ 12 959 X 100 

13 450 — 


Efficiency 


= 96-35 7, leading. 

(Ps = 29- 864° - 14- 324°. 
= 15*54° leading. 


Similarly, if the line is open-circuited at the receiving end the 
electrical conditions at the sending end can be found as follows:— 
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E$o ~ Ero(^^\ + . . . . 

= 77 333-8 + 3 149-08J 

= 77 398 /^' 332*" volts to neutral. 

/so = Ero{Gi + . 

= - 1- 512 + 119' 942j 
= 119*95 \90' 722° amperes. 


kVAso = 


77 398 X 119-95 
1000 

9 284*0 kVA. per phase. 


kW.0 


(77 333*8 X - 1* 512) + (3 149*08 x 119* 942) 
1 000 


( 84 ) 


(85) 


cos </)so 


^so 


= 260*8 kW. per phase. 

^ 260*8 X 100 

9 284*0 

= 2*81 7o leadinj(. 

- 90* 722° - 2* 332° 


= 88* 390° leading. 


All the above results are collected together in Table 4, and for 
pui*poses of comparison the numerical results obtained by using the 
two localised-capacitance methods of solution are also given. 

47 . Semi-graphical Solution for Various Receiving-end 
Conditions. —It is often preferable to adopt a semi-graphical 
method of solution, and this method is particularly advantageous 
in cases where the sending-end conditions are required for many 
different receiving-end currents and power factors. In order to 
show clearly the graphical treatment for various load conditions 
the numerical example already solved mathematically will be 
taken. 

The first step in the work is to obtain the numerical values of 
the three auxiliary constants by calculation, and it will be found 
more convenient to have these expressed in polar rather than rect¬ 
angular co-ordinates. 

Referring to Table 3, these values are 


A = 0* 87050 /2* 3 32°. 

B = 187*03 /75 * 150°. 
a - 0* 0013494 \90* 721°. 
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Table 4. —Performance of ^00-Mile Transmission Line 
Calculated by Various Methods. 

R = 62*6 ohms. X = 188*4 ohms. (? = 0. = 0* 001411 mhos. 


Quantity. 

Calculated Values Determined by 

Rigorous 

Solution. 

Nominal-T 

Method. 

Nominal-ir 

Method. 

Load Conditions. 




E.. 

98 689 volts 

97 886 

99 754 

. 

186*29 amps. 

140*39 

134*16 

kVA,. 

13 460 kVA. 

13 786 

18 383 

kW,. 

12 959 kW. 

18 108 

12 956 

Loss. 

969 kW. 

1 108 

956 

Efficiency .... 

92*60% 

91-S57. 

92-627. 

Cos <ps ... . 

96*35°/^ 

95*43°/, 

96*81°/, 

. 

16*54° 

17*89° 

14*61° 

Zero Load Conditions. 




E*,. 

77 398 volts 

77 164 

77 164 

^80 . 

119*96 amps. 

126*46 

117*14 

kYA,o 

9 284 kVA. 

9 681 

9 039 

kW,o = Loss on open-circuit 

260*8 kW. 

413 

207 

Cos <f>go ~ • 

2*81°/, 

4*27°/, 

2*28°/, 

^80 . 

88*39° 

87*66° 

88*69° 



Hence 

Es ~ EfA + IrP (* 76 ) 

= EAO- 87050 /2- 332°) + 7,(187 03 /75- 150°), 
and 

It — IfA + EfG ....... ( 77 ) 

= TXO- 87050 /%■ 332° ) + ^,(0- 0013494 \90- 721° ). 

Fig. 29 is the solution for the sending-end voltage. Since the 
receiving-end voltage is supposed to be kept constant at 88 910 
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volts, the diagram is constructed on OR, which is drawn horizon- 
tskUy to represent Er = 88 910 volts. The resultant at the sending 
end is made up of two parts, one of which is proportional to the 
receiving-end voltage, and the other to the receiving-end current. 
The vector OP representing ErA = 77 400 /2*33'' is drawn at an 
angle of 2*33° from OR, and with a length to the same scale as OR, 
representing 77 400 volts. This vector, which is one of the two 
which go to make up the resultant vector for Eg, remains fixed 
regardless of the current in the line. 

To complete the diagram, and make it applicable to any and 
all values of receiving-end current at any power factor, select a 
base value of current of, say, 200 amperes at unity power factor. 

Then 

// = 200 / 0 ° , 

and 

/r'R = (200 /0^)(187-03 /75;15°) 

= 37 410 /75a5° volts. 

The resultant sending-end voltage is then obtained by drawing 
PS at an angle of 75 15° with the vector of reference OR, and to 
a scale length of 37 410 volts. 

This gives the solution for only one value of the receiving-end 
current, but it is readily seen that for any other value of cuiTent 
delivered at unity power factor the solution is obtained by taking 
the proportional part of the vector PS. For example, the line PS 
may be divided into five equal pai-ts, giving thereby the values of 
sending-end voltage for E = 0, 40, 80, 120, 160, and 200 amperes. 
By continuing this subdivision on PS produced, solutions are found 
for receiving-end currents greater than 200 amperes. 

The length of the vector PS depends only on the absolute value 
of Ir, while the angle it makes with the reference vector OR depends 
only upon the power factor of the load, being in fact equal to the 
algebraic sum of the receiving-end phase-angle and the angle of the 
auxiliary constant B. Thus for any given receiving-end power 
factor it is only necessary to turn the vector PS as drawn in the 
diagram for unity power factor through an angle equal to the 
phase-angle at the receiving end. By drawing arcs of circles 
through the points subdividing the line PS, solutions are provided 
for the intermediate values of current at any power factor. 

The dotted lines in the figure indicate the voltage solution for 
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the load conditions of Problem 4, i.e. a total load of 40 000 kVA. 
delivered at 90 % power factor lagging, the current in this case 
being 150 0 amperes. 

Fig. 30 is tlie corresponding solution for the sending-end current 
with 0R{Et) again used as vector of reference. The fixed com¬ 
ponent of the sending-end cun'ent is 

ErC = 88 910(0* 0013494 \90‘j;21°) 

= 120*0 amperes, 

and is represented in length and direction by the vector OM, 



The other component IrA has a variable value depending on 
the receiving-end current and power factor. Selecting then a base 
value of current of 200 amperes at unity power factor gives 
TrA = (200 /0^)(0* 87050 /2' 332°) 

=» 174*1 amperes. 
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The vector representing this quantity is drawn to scale in 
the diagram making an angle of 2*33° with OR, and the sending- 
end current is found as ON. 

In an analogous method to that used for the voltage diagram 
the sending-end current for any value of receiving-end current at 
unity power factor is obtained by taking the proportionate part of 
the vector MN. Circular arcs are drawn through the points of 
subdivision of MN and for other power factors than unity the 
vector MN is rotated through an angle equal to the receiving-end 
phase-angle. 

The dotted lines in the figure indicate the current solution for 
Problem 4. 

By drawing both the voltage and current diagrams on the same 
sheet of paper the sending-end phase-angle may be found by direct 
measurement, and thus the power input to the line, and efficiency 
of transmission may be readily determined. 

48. Hyperbolic Method of Solution. —The fundamental equa¬ 
tions of voltage and current for a long transmission line are gener¬ 
ally expressed by means of hyperbolic functions, and providing that 
suitable tables of these functions are available their use leads to the 
most direct method of solution. 

Such tables were, until recently, incomplete, but numerous 
tables and charts of complex hyperbolic functions have now been 
calculated and published by Kennelly.*^ Even now, with these 
latest tables, a considerable amount of interpolation is required, and 
thus the same refinement of calculation cannot be obtained as with 
the convergent series method using three or four terms. Never¬ 
theless the hyperbolic method yields results with an accuracy which 
is amply sufficient for all calculations on ordinary power lines. The 
charts are particularly useful for rapid work as they enable the 
values of the functions to be read off directly and with an accuracy 
of at least three significant figures. 

A discussion of the theory of real and complex hyperbolic func¬ 
tions is outside the scope of the present work, and for a detailed 
exposition of their derivation and employment in transmission line 
calculations reference should be made to the works of Dr. Kennelly. 
Fortunately, although a knowledge of hyperbolic trigonometry is 
desirable, it is by no means essential, and it is hoped that the 
information given in the following pages will enable the reader to 
apply the hyperbolic method successfully to any particular problem. 



PERFORMANCE OF LONG TRANSMISSION IJNES 87 


49. Real and Complex Hyperbolic Angles. —Real hyperbolic 
angles are derived from an equilateral hyperbola in a similar manner 
to the way circular angles are derived from a circle. Circular angles 
are generally expressed in radians, and hyperbolic angles in hyper¬ 
bolic angles or hyps. 

The hyperbolic functions sinh x, cosh cc, tanh Xj etc., also are 
analogous to the circular functions sin x, cos x, tan Xy etc., and 
many of the trigonometrical fonnulae used in connection with cir¬ 
cular angles can be applied with very slight moditication to the 
hyperbolic case. One important difference, however, is that circular 
functions have a period of 27r radians so that 
cos X = cos (x + 27 rn), 

where n is an integer, while hyperbolic functions, liaving no true 
period, continually increase. 

Mathematically the following relations exist and may be em¬ 
ployed for purposes of calculation:— 

. , - £ - * 
sum aj = — 2 - 


coali X = 


€* + €*"* 

X- 

^ 12 




tanh X = 


sinli X 
cos! I X 


In alternating-current work, however, the quantities used for 
purposes of calculation are complex, and hence hyperbolic func¬ 
tions of complex variables are required. 

A complex hyperbolic function is of the three-dimensional order 
and has two components, a real component relating to a hyperbolic 
angle, and an imaginary component relating to a circular angle. 
The angle may be expressed either in polar co-ordinates as v/Qvy 
or in rectangular co-ordinates as a 4- jy8, where a is the real part 
of the angle expressed in hyps, and /? is the imaginary part ex¬ 
pressed in circular radians. 

The published tables of complex hyperbolic functions, previously 
referred to, give functions of complex angles for polar values up to 
3*0 by steps of 0*1 and for angles from 45''to 90® by steps of one 
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degree; also functions in terms of rectangular co-ordinates a + 
to a = 10 by steps of 0*05 and of J3 virtually to infinity by steps 
of 0*05. Functions of angles lying between the values for angles 
given in the tables are obtained by simple proportion, the values 
thus obtained being sufficiently accurate for all practical calculations. 

The charts cover exactly the same ground as the tables but 
are quicker in use as they reduce the work of interpolation to a 
minimum. 

The following formulae giving the relationship between the func¬ 
tions of the complex angle and those of its component parts may 
be employed if exact values are required in any particular case:— 
sinh (a + j/8) = (sinh a cos /3 + j cosh a sin yS). 
cosh (a + j/3) = (cosh a cos ^ + j sinh a sin / 3 ). 

50. Line Angle. —In the hyperbolic theory the part of the 
complete circuit formed by the line is said to subtend a certain 
complex angle ^ZY = 0. This quantity represents in a sense the 
electrical length of the line, and is an indication of how much dis¬ 
tortion in the distribution of voltage and current is to be expected 
owing to the line impedance and admittance being distributed, 
instead of being localised at one point. 

In the case of long-distance overhead transmission systems the 
conductors usually have a fairly high ratio of reactance to resist¬ 
ance, and the conductance representing the power loss by leakage 
is negligible at normal operation, hence the line angle is approxi¬ 
mately proportional to ^XB. In other words, the line angle is 
proportional to the physical length of the line and approximately 
proportional to the frequency of the supply. 

As an indication of the values of line angle to be expected in 
practice, it may be stated that for 50-cycle overhead systems the 
modulus, or size of the angle, will vary from about 0*17 for a 
100 -mile line to about 0*50 for a 300-mile line. The argument, 
or slope of the angle, will have a value of about 80 degrees. 

51 . Determination of Auxiliary Constants. —As shown in 
Art. 43 the three auxiliary constants of the line may be expressed 
in terms of the complex angle 6 as follows:— 

A = cosh 0. 

^ Z 

B = ^ y sinh 0. 

C = sinh 6. 
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To determine their value by the hyperbolic method, the line 
angle 0 is first calculated from the known values for the impedance 
and admittance of the line. The complex hyperbolic functions 
cosh 6 and sinh 9 are then obtained from the tables or charts, and 
substituted in the above formulae, together with the calculated 

value of or its reciprocal. 

The operations of multiplication, divi.sion, and evolution of 
complex quantities are most readily carried out when the terms 
are expressed in polar co-ordinates, and hence in the hjrperbolic 
method it is preferable to work throughout with polar values. 

Thus to obtain the auxiliary constants for Problem 4:— 

Z = R + jX 52-5 + 188-4; 

= 195-58 /74- 429°. 

F = G + ,//i = 0 + 0- 001411; 

0- 001411 190°. 

0 = ^ZV =^^195-58/74-429’ x 0- 001411 
= VO- 27596\l()4- 429° 

= 0- 52532 /'82- 214° 
jZ ^ /195-58 /74- 429° 

V y V 0 - 001411 1 90" 

= 372-30 \7-' 786°, 

y Z 372 30 \7- 786" 

= 0- 0026860 /7- 786°. 

By interpolation from the tables is found 

cosh 0 = cosh 0- 52532 /82- 214° 

= 0- 8698 /2 36°, 
sinh 0 = sinh 0- 52532 /82- 214° 

= 0- 5019 /82-94°. 

Hence 

A — cosh 0 

= 0- 8698 /2-36°, 

B = sinh 0 

= 372-30 \7- 786° x 0- 5019 ^82,-94° 

= 186-9 /75-15°, 
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C - ainh 0, 

= ()• 0026860 /7- 786" x O’ 5019 /82-94° 
= 0- 001348 \^73“. 


Having found the auxiliary constants the remainder of the 
solution proceeds along the lines of the calculation given in Art. 
46, or the graphical method of treatment may be employed. 

52 . Comparison of Methods. —Now that the chief methods 
of transmission line solution have been described it is interesting 
to evaluate the three auxiliary constants corresponding to the ap¬ 
proximate localised-capacitance or localised-admittance methods, 
and see how they compare with their true value. LowSS of power 
by leakage was not mentioned in connection with the approximate 
methods, but it can be allowed for if necessary by supposing a high 
resistance shunting each condenser. 

In the nominal-T method 


E,=^Er[\+ (R + -jB, +j^) +jf(R +jX)XG, - ji?,)], (47) 

/s = Er[G, - jB, + jB^l + iA)|J (46) 

Substituting Ir for EriGi - 2 for R + jX and F for jB 

gives 

Es = Er + Z(^Tr + - 2 ^) + ^Z^Ir 

= ^.(l + Y) + frZ{^\ + Y). • • (88) 


Also 


/, = 4 + ErY + 


ZYIr 




1 

2 ) 


+ ErY. . 


■ (89) 


Hence the auxiliary constants corresponding to the nominal-T 
method are 



(7 - F. 
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In the nominal-ir method 

E. = Er\l + (g, - jB, + + ;A)|, . (48) 

Is = Er[Q, - jB, + jB + - jB, + + iA')j. (49) 

Substituting I for Er(Gi - jB^) and making the other sub¬ 
stitutions as before gives 

Es=Er + (^I + 

= + IZ, . . . . (90) 


and 


I..I + E,Y + ^(/ + 

- /(l + ^) + &1’(' + 


¥)■ 


(ill) 


Hence the auxiliary constants coiTesponding to the nomina1-7r 
method are 

A = l + ^ 


The numerical values of these constants for the 300-mile line of 
Problem 4 have been calculated, and are given in Table 5 for pur¬ 
poses of comparison with the values obtained by the more rigorous 
methods of solution. 


Table 5. —Comparison of Auxiliary Constants for SOO-MUe 
Transmission Line^ as Determined by Various Methods. 

R — 52-6 ohms. X = 188*4 ohms. G = 0. jB = 0* 001411 mhos. 


Method of Calculation. 

A. 

B. 

c. 

Convergent series method 
(Exact Values) . 

0* 87050 /2* 332^ 

187-03 /'76-150° 

0-0013494\90-721° 

Hyperbolic method 
(values obtained from 
Tables for cosh $ and 
sinh 0) ... 

0- 8698 /2-36‘’ 

186-9 /75-15° 

0-001348 \ 90-73° 

Nominal-T method . 

0-8679 /2-45“ 

182-6/75-57° 

0- 001411 1 90-00° 

Nominal-ir method . 

0- 8079 /2-45“ 

195-0 /74-43° 

0-001317 \91-14° 
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53 . Electrical Conditions at Intermediate Points.*— So far, 
only the oJecirical conditions at the termini of tlie line have been 
considered. In many cases, however, and particularly with long 
lines* it is necessary to determine the voltage and current at points 
along the line between the termini. One way of doing this 
would be by the step-by-step method. 

In this method (supposing the receiving-end conditions to be 
specified) the values of voltage and current are calculated as though 
the sending end were successively at, say, 30, 60, 90, . . . 300 
miles from the receiving end. The results obtained are then 
plotted against distance from one of the line termini and a smooth 
curve drawn through the various points. It is readily seen that 
this method involves a large number of tedious calculations, and a 
much shorter solution is provided by the employment of hyperbolic 
functions. 

In using hyperbolic functions for this purpose advantage is 
taken of the fact that the potentials of any and all points on a 
smooth transmission line vary as the sines, and the currents as the 
cosines, of the corresponding position angles. This relationship is 
expressed in equation form as 


Ba sinh Sa 


Ec sinh he 
h cosli he 


(92) 

(93) 


Jc cosh he ’ 
where the subscripts c and p relate to points along tlie line, c being 
some point where the electrical conditions are known, and p the 
point for which they are to be computed.*^ 

54. Position Angles. —Reference has been made to the line as 
subtending a certain complex hjq:)erbolic angle 0, The remaining 
part of the circuit formed by the impedance which represents the 
load may be said to subtend another complex hyperbolic angle 0r, 
so that the receiving end of the line occupies an angular position 
hr = 0r. The total angle of the complete circuit (line and load) is 
thus hs 0r 0, as shown in Fig. 31. 

By similar reasoning, all points lying between the receiving and 
sending ends of the line will occupy, or assume, an angular position 
intermediate between hr and h^. Thus at the point P distant 

^th of the total line length from the receiving end, the position 


angle is Sp = Sr + 


0 

n 
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The following cases will be considered :— 

1 . Line Earthed .—If the line is short-circuited or earthed at 
the receiving end, the load angle vanishes, and the distribution of 
position angles along the line is purely a linear function of the 
total line angle. In such a case hs — 6. 

2 . Line Supplying Load .—Before the position angle of any 
intermediate point on the line can be found, it is first necessary to 
determine the angle subtended by the terminal load. This is 
obtained from the following relationship:— 

Or = tanh ~ . . . (94) 

where (t is the impedance load to earth, or neutral, at the receiving 



Fig. 31.—Position angles. 


end of the line, and Zo is the surge impedance of the line to neutral. 
The two latter quantities are both complex and are given by 


and 


Er 
'ir' • 

. . (95) 

Iz 

V y • 

. . (96) 


After ^ has boon calculated, tlio con*esponding angle may be 

obtained with sufficient accuracy from the chart of complex h 3 q)or- 
bolic tangents. 

The change in the position angle from point to point along the 
line due to the line impedance and admittance is purely a linear 
function of the line angle 9. This is the case whether the receiving 
end is earthed, loaded, or open-circuited. Thus to obtain the 


8 
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position angle of an intermediate point, it is necessary to add to the 
load angle a part of the line angle proportional to the distance of 

the point from the receiving end. The point P, distant ^th of the 

lino length from the receiving end, has thus a position angle of 

S, = Sr + 

3. Line Open-circuited .—In this case there is no load, and 
consequently no real part to the load angle. The impedance of the 
load may be regarded as infinite, that is o- = oo, and substituting 
in formula (94), 

6 to = tanh “ ^ ^ ‘ 

Z/o 

Thus, the effect of the infinite iiiipt^dance existing at the receiv¬ 
ing end of an open-circuited lino is to cause a phase rotation of 90 

.TT 

degrees, or = 1* 5708 circular radians. 

Consequently at zero load 8^^ = (0 + 1* 5708j), and to find the 
position angle of a point P on the line hro must be added to the 
part of the line angle proportional to the distance of the point from 

0 

the receiving end. In equation form hpo = Srp + - . 

n 

Tlie method of procedure will be soon clearly from a numerical 
example. Referring to Problem 4, 

88 912 

“ f49-96 \25 84" 

= 592-90 /25-84’, 

= 372-30° M-79°. 

a 592-90 /25-84° 

Zo ~ 372-¥o” 

= 1- 5925 /'33-63°, 

and by interpolation from the table of complex hyperbolic tangents 
the angle .subtended by the load is found as 

Sr = 0- 4855 + 1- 144j. 



and from Art. 51, 



Hence 

tan Sr — 



performance of long transmission lines 95 


The angle subtended by the line 

e = y/ZT = 0- 0712 + 0- 520j. 

Hence the position angle of the point P, distant, say, 60 miles 
from the receiving end of the line is 

Sp = «, + ' 

= 0- 4855 + 1- 144j + ^(0- 0712 + O' 520/) 

o 

= 0* 4997 + 1- 248j, 

and at zero load the position angle of the same point is 

Spo = Sro + -g 

= 0 + 1- 571; + ^(0- 0712 + 0- 520;) 

= 0- 0142 + 1- 675;. 

55 . Voltage and Current Distribution along Line _Having 

found the position angles and corresponding values of the sines and 
cosines for various points along the line, and knowing the absolute 
electrical conditions at one of the points, the voltage and current 
distribution is easily determined from the relationship given in 
equations (92) and (93). 

For example, under the load conditions of Problem 4 
Er = 88 910 volts to neutral, 

Ir = 150*0 \'25-84" amperes, 
and the functions of the load angle are 

sinh hr = sinh(0* 4855 + 1* 144^) 

- 1- 0405 X78*39° , 
cosh hf =« cosh(0* 4855 + 1* 144j) 

= 0* 6538 

At the point P, distant 60 miles from the receiving end, 
sinh hp = sinh(0* 4997 + 1* 248j) 

= 1* 081 

cosh hp = cosh(0* 4997 + 1* 248j) 

= 0* 6104 /54W. 

Hence the voltage and current existing at this point are respec¬ 
tively 
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and 


_ Er sinh Sfl 
• ^ sinh Sr 

= 88 910(1- 081 /8ri9°) 

F0405 /78 -39°~~~ 

= 92 370 /2-80" volts to neutral, 

j _ If cosh 
cosh Sr 

__ (150-0 \2^4°) (0- 6104 X 54-0 6°) 
“ ¥“6^38 /44-77° ’ 

= 140*0 \16-55° amperes. 


The power factor is the cosine of the angular difference between 
these two vectors or 


cos = cos (2*80° + 16*55°) 

= cos 19-35° 

= 94-36 % lagging. 

The intermediate electrical conditions at zero load are obtained, 
of course, in an exactly analogous manner. 

The voltage and current distribution for Problem 4 has been 
determined, using functions of position angles as described above, 
and values of voltage, current and power factor for points 30 miles 
apart are given in Tables 6 and 7. The graphs shown in Fig. 32 
have been plotted from these results. 

It will be noted that when the specified load is being delivered 
the dotted graph representing the current at intermediate points 
along the line has a minimum value about 100 miles from the 
sending end. This is due to the fact of the charging current of the 
system being greater than the lagging quadrature component of the 
load current. Starting at the receiving end the power factor is 
90 7o la.gging. As the centre of the line is approached, the in¬ 
creasing charging current neutralises an increasing portion of the 
lagging component of the load current. At a point about 100 
miles from the sending end of the line this lagging component is 
entirely neutralised, and the actual line current has a minimum 
value, the power factor being unity. Passing the centre, and 
approaching the sending end, the increasing charging current now 
causes a decreasing leading power factor which, when the sending 
end is reached, becomes 96 35 %. 



Table 6. —Voltage arid Current Distribution {Load Conditions) on 300-Mile Line. 
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Taking now the zero-load graphs^ and assuming that the 
normal voltage of 88 910 is maintained constant at the receiving 
end of the line, the full curve showing the voltage at intermediate 
points gradually falls due to the Ferranti effect to a sending-end 
value of 77 400 volts. The rate of change of voltage is greater as 
the sending end is approached, owing to the larger charging current 
at this end. 



Fia. 32.—Voltage and current distribution on a 800-mile line. 


From the dotted current graph under zero-load conditions, it 
will be seen that the charging current at the sending end has a 
value not much below that established when the line is supplying 
full load of 12 000 kW. per phase. As the receiving end of the 
line is approached, the current falls lower and lower until at the 
terminus of the line its value is, of course, zero. 
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56 . Effect of Non-sinusoidal Sending-end Voltage. — So far 

in the treatment of the subject, all equations and data have been 
derived on the assumption that the voltage wave impressed on the 
line was sinusoidal in shape. If this is not the case, a rigid line 
solution involves the separation of the distorted wave into its con¬ 
stituent terms, consisting of a fundamental wave and its odd har¬ 
monics. Calculations of the effect due to each separate frequency 
must then be made as though the others did not exist, and the final 
result obtained by the method of superposition. Where only the 
R.M.S. value of the resultant wave is required this may be obtained 
by perpendicular summation. Thus if E^, etc., are the 

R.M.S. values of the various harmonics of the receiving-end voltage 
as obtained by calculation, the R.M.S. value of the receiving-end 
voltage wave is 

Er = + E,^ + . . . 

A similar method of treatment must be applied in the case of 
plural-frequency currents. 

The effect of a distorted sending-end wave is brought most into 
prominence when the line is open-circuited at the far end. Both 
the susceptance coG and reactance (oL of the line increase in pro¬ 
portion to the frequency of the various harmonics. Hence a high- 
voltage harmonic of quite small value may produce charging currents, 
of the same order of magnitude as those produced by the funda¬ 
mental voltage wave. Furthermore, these high charging currents 
flowing through the correspondingly increased reactance of the 
line, magnify the distortion of the voltage wave at points along 
the line and at the receiving end. 

For purposes of illustration, a problem worked out in detail by 
Pernot will be taken.* In this example, a voltage having a wave 
shape whose equation as a function of ^ = 27r/^ is 

Es == 100 000 sin ff 

+ 8 000 sin (3(9 - 40") 

4 . 6 000 sin (5(9 - 295") 

+ 5 000 sin (7(9 - 110") 

+ 2 000 sin (9(9 - 50") 

+ 500 sin (11(9 - 170") 

is assumed to be impressed on a 100-mile open-circuited line having 
the following constants:— 
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72 = 27*5 oJinis. 

X = 76*9 ohms. 

G = 0*15 X 10 mhos. 

B ~ 5 52 X 10 mhos. 

/ = 60 cycles. 
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The line is approximately in resonance for the seventh harmonic, 
so that although the seventh harmonic in the impressed voltage is 
only 5 7o of tlio fundamental, the seventh harmonic in the voltage 
at the receiving end of the line is 36 % of the fundamental. 

The charging current at the sending end of the line is 

/c = 55 800 sin + 88-12°) 

+ 15 184 sin (3^ + 48'35°) 

+ 26 604 sin (5(9 - 208-23°) 

+ 97 725 sin (7(9 - 35 76°) 

+ 18 346 sin (9(9 - 130-50°) 

+ 1 611 sin (11(9 - 254-53°). 

Here again, the seventh harmonic component is magnified the 
most, its value being approximately twice as great as the funda¬ 
mental. 

The wave shapes of voltage and current at various points along 
the line are shown in Figs. 33 and 34. Special attention should be 
given to the former curves as on these have been indicated the 
maximum instantaneous values of the voltage wave. The phase 
relations of the several component harmonics is such that the maxi¬ 
mum value of the impressed voltage wave is only a little greater 
than the maximum value of the fundamental—104 000 maximum, 
with 100 000 volts as maximum value of the fundamental. At the 
open end of the line, the maximum value of the voltage wave is 
148 000 volts, or an increase of nearly 50 % over the impressed 
voltage, which might be serious in its effect upon the line insulation. 
Furthermore, in a line designed to operate normally without corona 
formation at the voltage assigned to the fundamental frequency in 
this illustrative example, the presence of such large superimposed 
harmonics, which increase the maximum voltage by nearly 50 %, 
might be sufficient to start corona formation, and thus introduce 
an additional power loss in the system. 
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CHAPTER VI. 

LINE CONDUCTORS AND SUPPORTING STRUCTURES. 

57 . Properties of Stranded Conductors. —All conductors 
employed on overhead lines are preferably stranded, on account of 
the increased flexibility thereby obtained. Solid wires, except in 
the smaller sizes, are difficult to handle, and when used for long 
spans tend to crystallise at the points of support due to swinging 
in the wind. 

In stranded conductors there is generally one central wire, and 
round this, successive layers of wires containing 6 , 12, 18, 24 . . . 
wires. Thus if there are n layers, the total number of individual 
wires employed is 

N = Sn(n + 1) + 1. . . . (97) 

In the process of manufacture, the consecutive layers of wires 
are twisted or spiralled in opposite directions, the effect being to 
bind all the layers together. This method of construction is known 
as ‘ concentric lay.’ 

With very large sections of conductor, however, another method 
of stranding called ‘rope lay’ is sometimes used as it gives a more 
flexible conductor. 

When a current enters a stranded conductor it divides among 
the wires, and each separate current, for all practical purposes, 
remains in its own wire throughout the length of the conductor. 
This is because the individual wires being circular, touch only 
along lines, and the surface resistance, due to dirt and the forma¬ 
tion of oxide or sulphide, has a fairly high value. The result is 
that each current, in general, pursues a spiral path of greater 
length than the length of the conductor as a whole, and this 
effective increase of the path length correspondingly increases 
the resistance. The precise magnitude of this effect depends on 
the lay adopted for the conductor, meaning by this term the 
axial length of one complete turn of any wire. The lay is usually 
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expressed numerically in terms of the mean diameter of the layer 
containing the wire. 

There is no fixed lay used by all manufactm-ers, but in wire 
tables the assumption is usually made that the length, and corre¬ 
sponding resistance, of all wires except the straight central one, is 
increased by 2 above the values for the central one. This is 
equivalent to assuming that every twisted wire has a lay ratio of 
about 15*6. 

Another effect of stranding is to modify slightly the funda¬ 
mental formula for inductance which is based on a solid round 
conductor. According to Dwight,^ the inductance per mile of 
concentric-lay conductor is as follows:— 

( d 

0" 125 + O’ 741 logjD ^^10 henries, 

(98) 

( d\ 

0‘ 108 + 0* 741 logio ^ jlO""^ henries, 

(99) 

19-strand conductor, = ^0* 089 + 0* 741 logjo ~ ^ henries, 

( 100 ) 

37-strand conductor, = ^0* 085 -f- O’ 741 log^jj ^^10 henries, 

( 101 ) 

61-strand conductor, = ^0’ 088 + 0’ 741 logio ^^10 ^ henries, 

( 102 ) 

where d is the interaxial distance between conductors, and r is the 
overall radius of the conductor, both measured in the same units. 

For conductors having more than sixty-one strands, the formula 
for solid conductors 

Lq = ^0’ 080 + 0* 741 logio ~^10 “ ^ henries per mile, (9) 
is used. 

The above formulae do not take into account the effect of 
spiralling which tends to increase the inductance of stranded con¬ 
ductors, but the magnitude of this effect is negligible in the case of 
non-magnetic conductors (see Art. 59). 

58 . Conductivity. —The resistivity of all conductor materials 
is usually referred to the standard for annealed copper as adopted 
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by the International Electrotechnical Commission in 1913 (corre¬ 
sponding for the first four significant figures with the older 
Matthiessen Standard). The International Annealed Copper Stan¬ 
dard is expressed in terms of mass resistivity as 0* 15328 ohms, 
this being the resistance of a uniform round wire one metre long, 
weighing one gramme, at the temperature of 20” C. 

Since the density of copper at this temperature is taken as 8*89 
grammes per cubic centimetre, the standard may be alternatively 
expressed in terms of volume resistivity as 1* 7241 x 10 *" ® ohms 
representing the resistance between opposite faces of a centimetre 
cube of the metal at 20” C. 

The most convenient method of comparing different materials 
is then to express their conductivity (reciprocal of volume resis¬ 
tivity) at 20° C. as a percentage of the conductivity of the Inter¬ 
national Standard taken as 100 per cent. 

The resistance of all pure metals increases with increase of 
temperature, and the variation can be expressed by a linear relation 
for the temperature changes occurring in transmission line opera¬ 
tion. Hence 

Et = R,(l + at), . . (103) 

where Rq is the resistance at 0° C., Rt is the resistance at a tem¬ 
perature of r C., and a is the temperature coefficient of resistance. 
For example, the value of a for copper of 100 % conductivity is 
0- 00427. 

If the temperature ti° C. is chosen as a standard of reference, 
the formula may be written 

Rt = + a(t - t,)}, . . . (104) 

where a is not the same as before but is smaller, because the 
increase of resistance is expressed as a fraction of the resistance at 
ti° C. which is greater than the resistance at 0° C. Hence 

_ Rq _ ^oRq 

a,t,) 

1 


1 

234-5 + «i' 


(105) 
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At a temperature of 20° C. the temperature coefficient for copper 
of 100 % conductivity is therefore 


^20 


1 

234*5 + 20 


0*00393. 


59 . Current Distortion Effects. —In previous discussions it 
has been taken for granted tliat an alternating current distributes 
itself uniformly over the conductor cross-section. In actual prac¬ 
tice, however, the distribution of current is more or less distorted 
due to: (1) Skin effect, (2) Proximity effect, and (3) Spirality effect. 
Although the sum total of these effects is quite small at normal 
supply frequencies, they are the chief factor in determining the 
conductor resistance under high-frequency conditions. 

(1) Skin Effect —A solid round conductor may be thought of 
as composed of a large number of separate filaments or strands, 
each carrying a small finite part of the total current. The induc¬ 
tance of the individual filaments will vary according to their posi¬ 
tion, due to the fact that those filaments near the centre of the 
conductor are surrounded by a greater magnetic flux than the 
filaments near the outer surface. The self-induced back e.m.f. is 
therefore greater in the filaments located near the centre of the 
conductor. The higher reactance of the inner filaments causes the 
current to distribute in such a manner that the current density is 
less in the interior of the conductor than at the surface. This 
crowding of the current towards the surface of the conductor is 
known as skin effect, and its result is to apparently increase the 
resistance, and to a smaller extent decrease the reactance, of the 
conductor. The same phenomena occurs also in the case of the 
spirally stranded conductors used in practice. 

Maxwell ^ and Rayleigh ^ have shown that for solid cylindrical 
non-magnetic conductors the effective values of resistance and in¬ 
ternal reactance are given by 


and 



1 fmy 1 
I 8 OV 4 / ^ • -J’ 

4320V 4 j ■ • 


(106) 

(107) 
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where 

R = resistance of conductor to a steady current, 

R^ = effective resistance of conductor to an alternating current, 


f == frequency of alternation in cycles per second, 

= Trfl = internal reactance of conductor with a steady cur¬ 
rent (see formula 7). 

= effective internal reactance of conductor with an alter¬ 
nating current, 

and I = length of conductor in centimetres. 


The magnitude of the effect depends largely on the frequency 
of alternation. As this is gradually raised the resistance steadily 
rises, and the internal reactance (instead of increasing directly with 
/ like the external reactance), increases also but at a slower rate 
than /. When the frequency is very great, it is interesting to note 
that the effective resistance and the effective internal reactance of 


the conductor are equal, being given by 




■ ( 108 ) 


which steadily increases without limit with f. 

In the case of overhead conductors, the internal reactance is 
always small compared with the external reactance produced by 
the necessary separation of the conductors, and since skin effect 
can only alter the value of the former component its influence on 
the total reactance of the conductor is negligible. 

On the other hand, the increase of resistance due to skin effect 
is noticeable at normal supply frequencies with large sections of 
conductor, and assumes overwhelming importance in the case of 
high-frequency currents, such as are induced in overhead lines by 
lightning disturbances, etc. 

Unfortunately both the above formulae have a limited range 
of utility. Formula (106) is too slowly convergent and should not 
be used for values of m above 2 (in which case the use of the first 
two terms is suflScient), and formula (108) should only be used for 
values of m above 60. In this connection it should be noted that 
for copper conductors under average temperature conditions the 
value of m is approximately as follows :— 

m == .(109) 
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80 that under 50-cycle conditions 

m = 2-1^A. . . . . (110) 

where A is the cross-sectional area of the conductor in square 
inches. 

For practical calculations of skin effect, therefore, the following 
empirical formulae are preferable:— 

(1) For values of m from 0 to ^ 



(2) For values of m above 3 

R' = + 0-26), . . . (112) 

the maximum error of each of these formulae over their respective 
ranges being less than 1 

As a rough guide to the magnitude of skin effect at 50 cycles 
in practical sizes of conductors, the percentage increase of resistance 
can be taken as 9A 

The sub-division of a solid conductor into straight filaments or 
strands does not alter the alternating-current resistance, and m has 
been defined in such a way that all the above formulae for skin 
effect can be used for stranded, as well as solid, conductors. In 

R 

order to give some idea of the magnitudes involved, values of ^ 

have been calculated for various frequencies and conductor sizes 
and are given in Table 8. 

Table 8. —Increase of Resistance of Copper Conductors Due 

to Skin Effect. 

[Annealed copper (100 conductivity). Temp. 40^ C. 

Hard-drawn copper (97 7^ conductivity). Temp. 30° C.] 


Cross-sectional 
Area in Sq. In. 


0*25 

0-50 

1-00 

0-25 

0-25 

0-25 

0*25 


Frequency. 


60 

50 

50 

1 000 
10 000 
100 000 
1 000 000 



Method ot 


m. 

Calculation. 

R 

106 

Formula (HI) 

91 

1*006 

1*48 

1*025 

2*10 

99 

1*092 

4*70 

Formula (112) 

1*92 

14*8 

99 

6*49 

47*0 

99 

16*9 

148*0 

99 

62*6 
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It is interesting to note that when aluminium is used in place 
of copper the larger diameter necessary to give the same con¬ 
ductivity does not lead to a greater power loss through skin effect. 
In fact, equivalent sections of all non-magnetic conductors have 
exactly the same percentage increase of resistance; the increased 
cross-section being exactly compensated for by the increased 
resistivity. 

(2) Proxionity Effect .—In the discussion of skin effect it is 
assumed that the return conductor or conductors are so remote, or 
arranged in such a manner, that the field due to the retmm current 
can be neglected. If this is not the case the current is crowded to 
one side of the conductor due to proximity effect. Thus consider¬ 
ing two solid round conductors A and J?, lying comparatively close 
together, the flux due to B cutting the near half of A is greater 
than the flux cutting the remote half of A, and consequently the 
current distribution over the cross-section of A is distorted. 
Assuming that A and B are carrying currents in opposite direc¬ 
tions, the currents distribute themselves in such a way that their 
maximum density occurs at those portions of the conductors which 
are nearest to one another. Proximity effect, like skin effect, 
increases the resistance and decreases the internal inductance of 
a conductor. The phenomenon is more pronounced for large con¬ 
ductors, high frequencies and close proximity. The magnitude 
of the effect, at normal supply frequencies, in the case of the wide 
spacings of conductors required for overhead transmission lines, is 
so small that it can be ignored. 

In the case of stranded overhead conductors, due to the spiralling 
of the wires, each wire traverses alternately weaker and stronger 
portions of the magnetic field produced by an external current- 
carrying conductor. Hence the average value of the field along the 
path of any wire will be tlie same, and assuming that the currents 
in the conductor follow to a large extent the paths of the individual 
wires, the proximity effect must be substantially eliminated. 

(3) . Spirality Effect .—The spirality effect, first mentioned by 
Stirnimann,^ tends to increase both the resistance and internal 
reactance of a stranded conductor, and is a necessary corollaiy to 
the elimination of proximity eflfect. Due to the spiral path of the 
individual wires, the conductor may be regarded as built up of 
a series of coaxial solenoids. Each of these solenoids formed by 
consecutive layers produces a magnetic field whose direction is 
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along the axis of the solenoid, i,e. the axis of the conductor. The 
outermost layer contains the greater number of wires so that its 
field will be stronger than that due to the other layers. The next 
layer is spiralled in the opposite direction and contains fewer wires 
than the outer layer, so that there is produced a weaker field in the 
opposite direction. Owing to the reversal of spirality, the layer 
below gives rise to a still weaker field in the original direction, and 
so on. The resultant effect is, that travelling in a radial direction 
from the surface of the conductor, the axial magnetic field alternates 
in magnitude although it does not actually change in direction on 
passing from one layer to another. As the potential difference 
applied to the ends of all the layers is the same, this variation in 
the axial magnetic flux leads to phase differences among the currents 
in consecutive layers. Hence the sum of the R.M.S. values of the 
currents in the various layers may be appreciably larger than the 
R.M.S. value of the total current passing along the conductor, or in 
other words, the resistance of the conductor has been apparently 
increased. 

The magnitude of the effect depends on the size and method 
of construction of the conductor. At present there is a lack of 
numerical data relating to the phenomenon, but it appears to be 
very small at normal supply frequencies, and can quite safely be 
ignored in the case of non-magnetic conductors. 

6 o. Conductor Materials.—The materials used at the present 
time for overhead transmission line conductors include copper, 
aluminium, steel-cored aluminium, copper-clad steel, and to some 
extent steel alone. It is very difficult to make hard-and-fast 
comparisons between these various metals, because not only the 
electrical, but also the mechanical, properties have to be taken into 
account, and the requirements in the latter respect depend to a 
large extent on local legislative restrictions affecting the design of 
the line. The question of first cost, also, except when based on 
current quotations, is of little value, and must be gone into for 
each particular case. In the following articles, however, leading 
technical particulars and data will be given regarding the materials 
mentioned above. Particulars of resistances, sizes and weights will 
not be given, as they are readily obtained from wire tables and other 
sources. In the case of copper, aluminium, steel-cored aluminium, 
and cadmium-copper conductors, standard specifications have been 
issued by the British Standards Institution.^ 
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61. Copper.—Copper ranks first in importance among trans¬ 
mission line conductors, owing to its high electrical conductivity 
and great tensile strength. The conductivity of the metal depends 
to an enormous extent on its freedom from impurities. For 
instance, the presence of 0*02 of phosphorus, or 0*07 °/^ of 
arsenic, in the copper, lowers the conductivity by about 30 °/^- 
Metallic impurities, even where these have good conductivity in 
themselves, also reduce the conductivity by a substantial amount, 
and to obtain a high-quality product most copper is electrolytically 
refined. 

The conductivity also depends on the physical state of the 
metal, as the operations of cold-rolling and drawing when 
manufacturing the hard-drawn copper conductors used for over¬ 
head work lowers the conductivity by 2 to 3 %. The tensile 
properties, on the other hand, are considerably improved by this 
cold working. Within the range of 20 to 30 tons per sq. in. there 
is a linear relation between tensile strength and conductivity, so 
that taking the conductivity of 20-ton quality copper as 98 °/^, the 
corresponding value for 30-ton quality would be 97 

It is found, by experiment, that the temperature coefficient 
of commercial copper at a given temperature varies with the 
conductivity of the copper, being greater the purer the copper. 
Dellinger ^ has shown that if n be the fractional conductivity of 
the sample as compared with standard annealed copper, then its 
temperature coefficient is nat where at is the temperature coeflScient 
for pure copper. If, for example, the percentage conductivity of 
a sample of copper is 96 temperature coefficient at 20° C. 

will be 

nat - 0-96 X 0* 00393 = 0* 00377. 

As previously mentioned, line conductors should preferably be 
stranded, but solid copper wires may be used with care up to 
No. 3/0 S.W.G., which is about the practical limit. 

62. Aluminium.—Aluminium possesses many advantages as a 
conductor material, and a considerable saving in the first cost of 
the line is sometimes possible by the employment of this metal in 
place of copper. 

Cold rolling and drawing, as in the case of copper, slightly 
decreases the electrical conductivity of tlie metal and improves the 
tensile properties. At 20° C. the conductivity of the hard-drawn 
wire is about 60 °/^, its temperature coefficient of resistance is 
0. 00390, and its density is 2*71 grammes per cubic centimetre. 
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The smaller conductivity of the metal necessitates that^ for 
any particular efficiency of transmission, the sectional area of the 
conductor must be larger in aluminium than in copper. Com¬ 
paring aluminium of 60 °/^ with copper of 97 conductivity, 
the diameter of the aluminium conductor would be 1*26 times the 
diameter of a copper conductor of equal resistance. In spite of the 
greater section of aluminium necessary, the density of the metal is 
so low, that an aluminium conductor has almost exactly one-half 
the weight of the equivalent copper conductor. The tensile 
strength is much lower than that of copper, but the larger sectional 
area of metal neutralises the difference to some extent, and an 
aluminium conductor has about 75 °/^ of the ultimate strength of 
the equivalent copper conductor. 

On the other hand, the increased cross-section of conductor 
exposes a greater surface to wind pressure, and so the supporting 
towers must be designed for a greater transverse strength. In 
many cases also, higher towers must be used with aluminium con¬ 
ductors than would be required with copper conductors having the 
same length of span. This is in consequence of the greater sag of 
aluminium conductors, due to the decreased working stress permis¬ 
sible, and also owing to the fact that the linear coefficient of 
expansion of aluminium is 1*4 times that of copper. When con¬ 
sidering an aluminium installation, it is therefore necessary to set 
the additional cost of towers against any saving which may be 
effected on the conductors. Apparently the chief field for aluminium 
is for heavy-current transmissions where the conductor size is large 
and its cost forms a large proportion of the total cost of the complete 
installation. 

63. Steel-cored Aluminium.—Steel-cored aluminium con¬ 
ductors have a central core of galvanised steel wires with one or 
more layers of aluminium wires outside. This type of conductor 
has been developed to permit of longer spans being employed with 
the ordinary height of tower. The breaking load of such a com¬ 
posite conductor is considerably larger than that of the equivalent 
copper conductor, and its weight is still about 25 % smaller. The 
importance of this lies in the fact that the sag in an overhead 
conductor is dependent upon the ratio of the loading in the span to 
the strength of the conductor. The loading factor is the resultant 
of the weiglit of the conductor and the wind pressure, ice deposits 
and other artificial loads, and though the diameter of a steel-cored 
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aluminium conductor is larger than that of any other conductor of 
equal resistance, and’ th^ artificial loads«^^are therefore greater, the 
weight factor is so small that no other conductors can equal steel- 
cored aluminium in the smallness of the ratio of total loading to 
strength. The result is that the sag with steel-cored aluminium 
is much less than with copper, and the supporting towers may 
therefore be shorter, or alternatively the span length longer. 

Since the composite type of conductor is more costly than the 
all-aluminium type, it is chiefly used in those cases where an all¬ 
aluminium conductor would necessitate a much higher and more 
costly support than copper. This occurs principally where spans 
of 300 feet and over are involved, steel structures generally being 
used to support the line conductors. 

In many long-distance transmission systems, the use of copper 
conductors necessitates a lower line voltage than would be other¬ 
wise desirable, in order to avoid excessive corona losses. In these 
cases, the use of the equivalent steel-cored aluminium conductor 
with its greater diameter has the advantage of raising the critical 
voltage limits of the line. The magnitude of this increase may be 
of the order of 30 to 50 %, and this point will be raised again in the 
course of the following chapter. 

For the purpose of obtaining the resistance and reactance of a 
steel-cored conductor, Dwight ^ has shown that the resistance may 
be taken as equal to that of the core and the outer wires connected 
in parallel, and the reactance as equal to that of a non-magnetic 
conductor of the same outside diameter. Since the resistance of 
the steel core to alternating currents is very high compared to that 
of the aluminium wires, it may generally be neglected, and the 
resistance of the composite conductor taken as equal to that of the 
aluminium wires alone. 

These remarks apply chiefly to conductors having two layers of 
aluminium wires. In cases where there are one or three layers of 
aluminium the axial magnetic field is much greater, and sets up 
hysteresis and eddy-current losses in the steel core so that at high- 
current densities the alternating-current resistance may be 20 7o 
greater than at low values.*^ 

64 . Copper-clad Steel.—A composite wire known as copper- 
clad steel wire is obtained by welding a coating of copper on 
to a steel wire core. Line conductors made of this material 
are preferably stranded, and have a considerably greater tensile 
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strength than the equivalent all-copper conductors. The propor¬ 
tion of copper and steel is so chosen that the composite wire lias 
a conductivity either 30 or 40 % ^ copper conductor of equal 

diameter. This material appears to be very suitable for river 
crossings, or other places where an exceptionally long span is 
necessary. 

65 . Iron and Steel. —Galvanised iron and steel conductors 
have been used to advantage for extremely long spans, or for 
short line sections exposed to abnormally high stresses due to 
climatic conditions. They have also been employed for lines 
supplying rural areas and operating at pressures of about 11 kV. 
Generally speaking, the use of iron or steel is most advantageous 
for short-distance small-power transmissions, where the size of the 
copper conductor desirable from economic considerations would be 
smaller than No. 8 S. W.G., and would thus be unsuitable for use 
owing to its lack of mechanical strength. 

With magnetic conductors, current distortion effects cause a 
material increase in resistance which is impossible to calculate, as 
it depends not only on the frequency, but also on the magnitude, of 
the currents flowing. The application of any skin effect formulae, 
for instance, is impassible as the value to be assigned to /i, the 
permeability of the material, is unknown. The magnetic field 
strength varies during each cycle, and also at different points over 
the cross-section, so that the corresponding value of varies also 
between wide and unknown limits. The alternating-current resist¬ 
ance is further increased by hysteresis losses, and in the case of 
stranded conductors by spirality effect. 

Similarly, the internal inductance (which is negligible in the 
case of non-magnetic conductors at normal spacings) is greatly 
increased,, its value often exceeding that of the external inductance. 

Furthermore, the various electrical and magnetic constants 
for any particular grade of iron or steel wire cannot be given with 
any degree of accuracy, because of the method of manufacture. A 
slight change in the composition of the wire, that does not affect 
the mechanical properties, often causes a material change in the 
electrical and magnetic characteristics. 

For the above reasons, all calculations should be based on test 
data, obtained from sizes and grades of wire approximating to those 
of the conductor it is proposed to use. 

Fig. 35, for example, which is due to Walton,^^ shows the 
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alternating-current resistance, and internal reactance for two 
different grades of 7/12 S.W.G. galvanised stranded steel con¬ 
ductors, the data being obtained from tests on experimental lines. 
The value of resistance extrapolated for zero current is, of course, 
the continuous-current resistance. 



AMPCRC6 

Fig. 35.—Alternating-current electrical properties of 7/12 S.W.G. galvanised 

steel conductors. 

Owing to the high internal reactance of iron and steel con¬ 
ductors, the pressure drop per mile of line is far greater than would 
occur if the equivalent copper or aluminium conductors were used. 
To illustrate the method of calculation, assume a transmission 
line consisting of 7/12 S.W.G. conductors having the electrical 
characteristics shown by the dotted lines in Fig. 35, spaced 
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30 inches apart (delta arrangement) and carrying a current of 30 
amperes at a frequency of 50. 

From Fig. 35 the alternating-current resistance per mile is 6*95 
ohms, so the ohmic pressure drop in each wire is 
6*95 X 30 = 208 volts per mile. 

Also the internal reactions per mile is 1*52 ohms, hence the 
total reactance of each wire is 

1*52 + (^0*741 logio X 27r X 50 

= 1*52 + 0*53 

= 2*05 ohms per mile, 

and the reactive pressure drop is 

2*05 X 30 = 61 volts per mile. 

Given the receiving-end power factor as 80 % lagging, the 
resultant fall of pressure in each conductor is 

lit cos <pr + IX sin <f>r 

= 208 X 0*8 + 61 X 0*6 

= 203 volts per mile. 

66 . Cadmium Copper. —A material now being employed in 
certain cases is copper alloyed with 1 to 2 of cadmium. This 
increases the tensile strength by about 40 and the conductivity 
is only reduced by 17 °/^ below that of pure copper. However, 
the cost is appreciably more than that of copper, so that the use 
of this cadmium alloy would probably only show an economy in 
lines of small cross-section, i.e. where the cost of conductor 
material is relatively small compared with the cost of supports. 

67 . Line Supporting Structures^ —The supporting structures 
for overhead power conductors are of various kinds, including wood, 
steel, and reinforced-concrete poles, and steel towers either of the 
rigid or flexible type. A few typical designs from present-day 
practice are exhibited in Fig. 36, and the drawings also show the 
various methods of spacing the conductors. 

The design of a transmission line support depends very 
materially upon whether the support is rigid, or has a certain 
amount of flexibility in the direction of the line. Wooden poles 
and certain special types of steel structures fall within the latter 
category, and in designing these it is usual to consider only the 



118 ELECTRIC POWER TRANSMISSION 

transverse wind pressure which occurs upon the conductora and 
upon the support itself. The longitudinal pull of the conductors is 
normally balanced on cither aide of the support, but in the event ot 






Fig. 3G.—^Typical line supports. 

the breaking of one or more conductora on one aide, there will be 
an unbalanced load which may be greatly in exceaa of the transverse 
wind pressure. With flexible supports this unbalanced load is 
quickly absorbed into the system. The supports on each side of 
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the wrecked span bend towards the adjoining spans, and this move¬ 
ment of the pole tops produces a reduction of tension in the wires 
of the adjoining span owing to the increased sag of these wires. 
There will be an appreciable deflection of the second and third poles 
beyond the break, but the magnitude of these successive deflections 
decreases rapidly, and is rarely noticeable beyond the fifth pole. 
The greater the flexibility of the supports in the direction of the 
line, the smaller will be the extra load which any one support may 
be called upon to withstand. In any case, a certain general rigidity 
in the longitudinal direction is provided for, by employing at 
intervals of a mile or so rigid anchoring towers, designed to with¬ 
stand the failure of one conductor in three on one side, as well as 
the transverse load. 

In the case of rigid supports, such as the lattice-steel broad-base 
structures which are typical of American and Canadian practice, it 
is usual to provide equal strength in both the longitudinal and 
transverse directions, and to design every tower to withstand the 
unbalanced load due to the breaking of one conductor in three, on 
the same side. In addition, anchor towers are often provided, in 
which the support is capable of withstanding the failure of two 
conductors out of three, or even of the whole of the conductors, on 
one side. 

68 . Wood Poles. —The use of wood poles is chiefly limited to 
comparatively low pressures, and spans having a maximum length 
of 250 or 300 feet. There are a few notable exceptions, however, 
existing in districts having a plentiful supply of suitable timber, 
and where the cost of transporting steel towers would be high. 
Under these special conditions, single and ‘ H ’ poles have been 
employed for lines working at voltages up to 130 000, and average 
span lengths of 500 feet. 

Wood poles are very elastic, and lines using this type of support 
are often designed throughout for the transverse load ; longitudinal 
strength at terminals and for anchor supports being provided by 
means of guys. Double-pole structures, of the ‘ A ’ or ‘ H ' type, 
are used in many situations to obtain a higher transverse strength 
than could be economically provided by means of the single poles. 
Theoretically these structures are from three to five times as strong 
as one of the constituent poles, but under actual service conditions 
failure occurs due to yielding of the foundations long before these 
values are reached. 
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Latterly more efficient types of double-pole structures, such as 
the Rutter pole, have come into use, in whicli adequate resistance 
to overturning is provided, and which have a measured strength of 
about six times that of a single poled^ 

The chief objection to wood supports is the tendency to rot at 
the ground level, but the life of a wood pole under normal conditions 
can be taken as from twenty-five to thirty years, provided tliat 
the wood has been well impregnated with creosote, or other 
preservative compound. 

69 . Steel Poles. —Steel poles of tubular construction, or 
narrow-base lattice-steel masts, are often used as a substitute for 
wood poles. They enable a rather longer span to be used, at the 
same time taking up little more base room than a wood pole, and 
may therefore be employed for crossing cultivated fields or for 
running along the roadside. In the flexible system of line con¬ 
struction, ‘ A ’ or ‘ H * supports are generally used 

All steel supports should be well galvanised, and a life of at 
least thirty years can be counted on. There is apparently no 
reason why the life should not be indefinitely prolonged, if the 
structure is regularly scraped and painted after the galvanising fails. 

70 . Reinforced-concrete Poles. —Reinforced-concrete poles 
have been employed as line supports in recent installations, particu¬ 
larly on the Continent. The best quality poles are factory made 
by a centrifugal or other iqechanical process, but owing to their 
great weight the transport costs are usually high. Hence, where 
cheapness is essential, poles are often cast on site. The most 
attractive quality of reinforced concrete is its very long life, and 
the fact that maintenance charges are exceedingly low.^^ 

71 . Steel Towers. —Broad-base, lattice-steel towers are em¬ 
ployed for the majority of long-distance transmission lines running 
across open country, although their first cost is from two to four 
times greater than that of wooden poles. Steel towers have the 
advantage of a long life, which may be extended almost indefinitely 
by a reasonable amount of attention to their maintenance. Further¬ 
more, their reliability is much greater than that of wooden supports. 
The substantial construction of the towers renders them capable of 
withstanding the most severe climatic conditions, and immune from 
destruction by forest fires. The risk of interrupted service, due to 
broken or punctured insulators, is considerably reduced owing to 
the longer spans rendered possible by the stronger and taller steel 
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supports. Lightning troubles are also minimised as each tower is 
a lightning conductor, whereas on wood pole lines shattered poles 
and wrecked line sections are not infrequent. At a moderate 
additional cost double-circuit towers can be provided, thus giving 
a further insurance against discontinuity of supply. In case of 
bi’eak-down to one circuit it is then possible to carry out repairs 
while maintaining the supply on the other circuit. 

72 . Spacing and Arrangement of Conductors. —There is no 
general agreement among engineers as to the best arrangement of 



Preesure between Conductors in Kilovolts 

Fig. 37.—Spacing of overhead conductors. 


the conductors on the support. Apparently there is no special 
advantage to be obtained by using the symmetrical-delta arrange¬ 
ment, and in most cases flat-horizontal or vertical spacing is adopted 
from mechanical considt^rations, particularly when suspension in¬ 
sulators are employed. In unsymmetrical arrangements, the 
conductors are usually transposed at regular intervals, in order 
to balance tlie electrical characteristics of the several phases, and 
prevent inductive interference with neiglibouring telephone circuits 
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The spacing of the conductors is determined by considerations 
partly electrical and partly mechanical. Increased spacing increases 
the inductance of the line and hence the pressure drop, so that to 
keep the latter within a reasonable value the conductors should be 
as close together as is consistent with the prevention of corona. In 
many cases, however, the most powerful consideration which governs 
the spacing is the necessity for preventing the conductors from 
swinging together in the wind. Usually wires swing synchron¬ 
ously in the wind, but with the longer spans there is always a 
possibility of iion-synchronous swinging taking place, and so the 
spacing should increase somewhat with the span length. Accord¬ 
ing to Still,present-day practice in this respect is given by Fig. 37* 
73* Span Lengths.—Neglecting the deciding influence upon 
the span length of such local conditions as the necessity for follow¬ 
ing the configurity of roads, canals, or railways, it is interesting to 
note that there is one definite value for the span length which will 
give the minimum overall cost of the line. It will be obvious that 
tliis must be so, because, as the length of span increases, the total 
number of supports and insulators decreases, but the height of the 
support and the conductor spacing must be increased to allow for 
the greater sag. It can readily be seen that the higher the operating 
voltage of the system, the greater will be the economical length of 
span, owing to the higher relative cost of insulators to supports. 
Again, where line supports are placed on private property, the cost 
of pole or tower rights is generally reckoned as a fixed amount per 
support irrespective of the size of sup|)ort, and this is another factor 
which operates in favour of longer spans and should receive con¬ 
sideration. It is not possible, therefore, to give any hard-and-fast 
rules as to the best span length to be employed, and the only way 
of determining this is to calculate the total line cost per mile for a 
number of different span lengths, and plot the results. 

In this connection it should be noted that with small sizes of 
conductors the length of span is often unduly restricted, owing to 
the mechanical requirements of the line. For example, with No. 8 
S.W.G. copper conductors it is not advisable to employ spans over 
150 feet in length as the sag then becomes excessive. Thus, when 
the section of conductor as determined from electrical calculations 
comes out rather small, it is often possible to reduce the total line 
cost by using a larger and stronger conductor, and increasing the 
spacing of the line supports. 
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Id the case of long-distance transmission systems employing 
the steel-tower form of construction, spans of 600 to 1 000 feet are 
commonly used, but there is a definite tendency towards longer 
span lengths. One reason for this is that the insulators constitute 
the weakest part of a transmission line, and a reduction in the 
number of towers per mile provides a fewer number of points of 
potential break-down. Modern views on this point are typified in 
a recently constructed line where steel-cored aluminium conductors 
supported on high tensile limit steel towers have been adopted, the 
average span length being 1 250 feet. 

For river or ravine crossings exceptionally long single spans are 
sometimes necessary. Under these special circumstances spans of 
4 000 to 6 000 feet have been satisfactorily employed, the conductor 
material being steel-cored aluminium, copper-clad steel, or simply 
galvanised steel. 
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CHAPTER VII. 

INSULATION OF OVERHEAD LINES AND CORONA 

EFFECT. 

74 . Insulator Materials. —The successful operation of a trans¬ 
mission system depends to a great extent on the proper maintenance 
of the line insulation, and hence the selection of suitable insulators 
should be made very carefully. The material most commonly used 
for insulators on overhead lines is porcelain, but glass, steatite, and 
special composition materials are also used to a limited extent. 

Glass is cheaper than porcelain in tlie simpha- shapes, and when 
properly annealed it has a high resistivity and dielectric strength. 
Owing to its transparency, flaws in the material can be readily 
detected by visual examination. On the other hand, moisture 
readily condenses on its surface and facilitates the accumulation of 
dirt deposits, thus giving a high surface leakage. Glass is also less 
reliable than porcelain in the irregular-shaped pieces forming the 
make-up of large high-voltage insulators, on account of internal 
strains resulting from irregular cooling after casting. Nevertheless, 
glass insulators are well adapted for use on installations employing 
pressures up to about 25 000 volts, and under specially I'avourable 
climatic conditions they have been used for very much higher 
voltages. 

Steatite is a naturally occurring magnesium silicate usually 
found combined with oxides in varying proportions. It has a 
much higher tensile and bending stress than porcelain, and has 
been used extensively on the Continent for particular types of 
insulators in which the ceramic part is actually in pure tension. 

Special composition insulators are available for the lower volt¬ 
ages, and have the advantage that they may be readily moulded 
to the most complicated shapes without any internal stresses being 
caused. Metallic fittings can also be firmly embedded in the 
material without any difficulty. Some of these materials, however, 
detei-iorate fairly rapidly under Iwd climatic conditions, or may 
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yield by softening in the sun when subjected to high mechanical 
stresses. The insulator surface also is liable to be carbonised, and 
conducting paths formed, if subjected to Hash-over. 

Porcelain is produced by firing at a high temperature a mixture 
which consists essentially of kaolin, feldspar, and quartz. The 
resulting material is stronger mechanically than glass, gives less 
trouble from leakage, and is less affected by changes of temperature. 
On the other hand, it is not so homogeneous as glass, owing to the 
fact that each component shell of a porcelain insulator is glazed 
during the process of manufacture, and the satisfactory perform¬ 
ance of the insulator in service depends to a considerable extent on 
the preservation of this glaze which is only of the order of one- 
thousandth of an inch in thickness. Also it is not possible to 
detect flaws in the material by simple inspection, and each separate 
insulator shell has to be subjected to pressure tests as part of the 
manufacturing routine. 

In the manufacture of porcelain, under-firing produces good 
mechanical qualities but causes porosity in the material, which 
results in rapid deterioration and failure when put in service. 
Over-firing, on the other hand, minimises porosity, but makes the 
material brittle. The quality of electrical porcelain has been greatly 
improved in recent years due to new methods of manufacture, and 
particularly to close control of the kiln temperature.^ 

75. Factors Involved in Insulator Design.—Insulators are 
required to withstand both mechanical and electrical stresses, in 
addition to which the surface leakage path must have sufliciently 
high resistance to prevent any appreciable current flowing to earth. 
Electrical break-down may occur either by flash-over or puncture. 
In a flash-over, an arc occurs between the line conductor and earth 
(the latter being represented by the supporting pin of the insulator), 
and the discharge jumps across the air gaps in its path. In a 
puncture, the discharge occurs from conductor to pin through the 
body of the insulator. When a break-down of the former type is 
involved, the insulator will continue to act in its proper capacity 
after the event unless fractured by the heat of the arc, but after a 
puncture it is permanently ruined. It is thus of importance to 
provide sufficient thickness of porcelain in the insulator to resist 
puncture by the combined effect of the line voltage and any 
probable transient pressure rises on the line. The ratio of puncture 
strength to flash-over voltage may be termed the factor of safety of 
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the insulator against puncture, and this ratio should be high so that 
a good margin is obtained to protect the insulator from complete 
failure. 

Fig. 38 shows the flash-over distances as usually measured on 
a pin-type insulator. The sum of A + B + C, or D + B + G 
(depending on whether A or D is the shorter distance), gives the 
length of path on a dry flash-over. When the exposed upper 
surfaces of the insulator are wet with rain they are practically 
conducting, and thus the wet flash-over distance is the sum of 
F + 0 H. The exact path of the arc will depend somewhat on 
the shape of the parts, and will tend to lie between 45 degrees and 
a normal from one shell to the outer surface of the next lower 
shell. 



Pig. 38.—Plash-over and leakage distances of a pin-type insulator. 


The leakage distance is generally measured from tie wire to pin 
taken radially along the surfaces as shown by the line E, but 
obviously this measurement only gives a rough idea of the leakage 
resistance as it neglects the varying width of the leakage path. 

76 . Pin-type Insulators. —One-piece, pin-type insulators can 
be employed satisfactorily for operating voltages up to about 
25 000 volts. An adequate length of leakage path is obtained by 
providing the insulator with two or three petticoats or rain sheds. 
These are so designed, that even when the outer surface of the 
insulator is wet due to rain, sufficient leakage resistance is still 
given by the inner dry surfaces. 

In the past, it has been found difficult to vitrify porcelain 
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properly if the thickness was considerable. Hence for higher 
voltages, where the total thickness of the material required would 
be greater than desirable frcwn a manufacturing point of view, 
multi-part insulators are employed. These consist of shells of 
moderate thickness fastened firmly together by neat Portland 
cement, the cemented surfaces being unglazed and corrugated in 
order to obtain a good bond. Multi-part, pin-type insulators are 



45.000 V. 66,000 V. 

Fig. 39.—Typical designs of pin-type insulator. 

supplied for all voltages up to 80 000 volts, but the suspension 
type of insulator is generally more satisfactory, and also more 
economical for pressures above 50 000 volts. Typical pin-type 
insulators are illustrated in Fig. 39. 

For supporting the insulator, steel pins are generally used, 
these being screwed direct into the inner shell of the insulator, or 
fastened by means of a metal thimble. Wooden supporting pins 



128 ELECTRIC POWER TRANSMISSION 

impregnated with paraffin are occasionally employed on lines 
working at the lower pressures. They have the advantage of 
cheapness, but are mechanically weak and liable to give trouble by 
burning due to leakage currents. 

The commonest method of attaching the conductor to the 
insulator is to tie it down with soft copper, or soft aluminium, 
binding wire according to the conductor material. This holds the 
conductor firmly, but the restraining force is gradually applied, 
and the swinging of the conductor in the wind does not cause 
continuous bending backwards and forwards at one point. 
Mechanical clamps have been employed for such fastenings but 
suffer from lack of flexibility. 

In their electrical behaviour, pin-type insulators may be com¬ 
pared to a complicated series of condensers with resistances in 
series and shunt. The petticoats, with the intervening air spaces, 
form the condenser system, and the leakage paths over the surface 
and through the body of the material are represented by the 
resistances. Now considering any two consecutive insulator 
shells, the two surfaces which are opposite to each other are at 
different potentials except where they are cemented together. 
Also the potential difference between corresponding points on 
opposite surfaces is greater, the further they are removed from 
the joint at the centre. Hence in designing the insulator the 
shells must be arranged so that they diverge, so as to increase the 
distance between the shells as the potential difference increases. 
It should also be noted that owing to the higher permittivity of 
porcelain (the value of which is 4—6) the greater part of the 
electrical stress occurs in the air spaces. If the air spaces are of 
insufficient length corona tends to form, reducing both the arcing 
distance and the leakage path. 

As regards the leakage resistance, this quantity is directly 
proportional to the length and inversely proportional to the width 
of the leakage path. Hence after a certain point is reached, in¬ 
creasing the diameter of the petticoats does not appreciably increase 
the leakage resistance. Increasing the number of petticoats in¬ 
creases the length of path without necessarily increasing the width, 
and therefore forms the best means of securing a high leakage 
resistance. 

During the last few years the shape of pin-type insulators has 
undergone a radical change, mainly on the lines suggested by 
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Gilchrist and Klinefelter.^ This improved design comprises the 
following features:— 

1. The surfaces of the petticoats or rain sheds conform to the 
equipotential surfaces of the electrostatic field between the pin and 
the tie wire or cap. 

2. The body of the insulator conforms to the lines of the 
electrostatic field. 

3. The leakage resistance for each shell is about the same value, 
and the capacitance per shell is also approximately constant. 

These improvements have the effect of minimising the forma¬ 
tion of corona, and increasing the flash-over voltage and also the 
mechanical strength of the insulator. 

Fig. 40 shows the electrostatic flux distribution between pin 



Fig. 40.—Improved design of pin-type insulator. 


and cap of a pin-type insulator, and also illustrates the actual 
design of insulator used on 33 000-volt installations. 

77 . Suspension-type Insulators. —With the suspension type 
of insulator, the line conductor is hung below the point of support 
at the end of a string of insulator units, or discs, connected to each 
other by metal links. There are three main designs in use at the 
present time, the Hewlett or interlinking type, the cemented-cap 
^yp®i and the core-and-tine type. 

The Hewlett suspension insulator, Fig. 41 (a), was the first 
type to be successfully developed and is characterised by great 
simplicity of design. Each disc consists only of one. piece of 
porcelain, the central bulbous portion of which is provided with 
two curved tunnels lying in planes at right angles to each other. 
The short steel strips forming the connection between individual 
discs are threaded through these tunnels and thus loop through 
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each other, being separated by a layer of porcelain which is wholly 
in compression. This method of construction gives a high me¬ 
chanical strength and has the further advantage that should the 
porcelain between the links be accidentally broken, the links still 
hold the other units together and thus prevent any interruption to 



i6) (c) 

Fig. ^11.—Types of suspension-insulator units. 


the service. There is also no risk of breakage due to the difference 
in expansion or contraction of the connecting links and the insulat¬ 
ing material. On the other hand, the Hewlett insulator appears to 
be rather more liable to puncture than other types of suspension 
insulator, owing to the high electrostatic stress in the material 
between the links. 
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In the cemented-cap type of insulator shown in Fig. 41 (6), 
each disc is covered by a metal cap cemented in place, the upper 
end of each cap terminal^ing in a lug to which the pin of the unit 
above is fastened. The pins also are firmly cemented in place, and 
consecutive discs are joined together either by pin-and-clevis or 
ball-and-socket joints, the porcelain being partly in tension. A 
very uniform distribution of the electrostatic stress in the material 
between the connecting-links is obtained in this type of insulator. 
The disadvantage of the cemented-cap type hitherto has been the 
high rate of deterioration, insulators failing in service at rates 
varying up to 20 per year. This appears to have been 
mainly due to the insulator being cemented together very rigidly 
and no provision being made for expansion. The three materials, 
porcelain, cement, and steel, have different coefficients of cubical 
expansion, and the sudden temperature changes occurring in 
service were sufficient to set up internal stresses which ultimately 
cracked the porcelain, leading to electrical failure. Furthermore, 
the cement itself, which is subject to volumetric changes depending 
on its moisture content, has no doubt often materially assisted in 
the process of fracturing the insulator. These causes of ultimate 
failure are now clearly recognised by insulator manufacturers, and 
modern designs show a great improvement so far as reliability of 
service is concerned. 

One way of avoiding trouble is to substitute for the cementing- 
in of the pin a purely mechanical fixing, such as the “ spring-ring" 
desiga In this method of fixing a spiral spring ring of steel wire 
carried on the stem of the pin is forced into the interior of the 
insulator head which is of bulbous shape. The ring immediately 
expands and is locked in position, the interior being then filled 
with a lead alloy to prevent any movement of the various parts 
and protect the fittings from the weather. 

In the core-and-tine type of insulator manufactured by the 
Jcfirey-Dewitt Insulator Co., and illustrated in Fig. 41 (c), it is 
claimed that several important advantages exist. Each insulator 
disc is symmetrical, and conforms as far as possible to the lines of 
the electrostatic field, thus avoiding placing materials of different 
permittivities in series. The shape is such that the equipotential 
planes between the electrodes of the insulator intersect, for equal 
increments of potential, fairly equal zone widths on the insulator 
surface. The metal work consists of pressed steel spiders, the legs 
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of which are fastened into the porcelain by an alloy having 
approximately the same coefficient of cubical expansion as the 
porcelain. By this method of construction high mechanical 
stresses on the porcelain, whether due to sudden temperature 
variations or to the employment of cement, are entirely avoided. 
The manufacturers state that the difficult problem of producing 
thick porcelain discs has been solved, and the discs actually used 
have a maximum thickness of 4*25 inches, with a correspondingly 
high puncture strength. 

78 . Limits of Pin-type Insulators. —Pin-type insulators are 
available for all pressures up to about 80 000 volts, but generally 
speaking, the suspension type is preferable on systems operating at 
above 50 000 volts. Some of the points in favour of the latter 
type are:— 

1. Suspension insulators are usually found to be cheaper than 
pin-type insulators for pressures over 50 000 volts. 

2. Pin-type insulators become very heavy and cumbersome 
when designed for the higher voltages, and owing to the great 
length of the supporting pin the bending moment near the point of 
attachment to the cross-arm tends to become excessive. 

3. In cases where the load supplied by the transmission line 
develops rapidly, it is often found more satisfactory to supply the 
greater demand by raising the line voltage than to provide another 
set of conductors. With suspension insulators it is an easy matter 
to obtain the additional line insulation required, by adding one or 
more discs to the string. 

4. From a mechanical point of view the suspension insulator 
greatly improves the flexibility of the line. The conductor is 
secured by a clamp, but the connection at the cross-arm is such 
that the insulator string is free to swing in any direction, and 
thus takes up a position where it experiences only a pure tensile 
stress. 

5. The suspension arrangement, when used in conjunction with 
steel supporting structures, has the advantage of rendering the 
conductor less liable to be affected by lightning disturbances. At 
every point of support the wire is hung below the earthed cross- 
arm, thus enabling the tower to function as a lightning rod. 

79 . Strain Insulators. —Special mechanically-strong suspen¬ 
sion insulators are used on all lines (irrespective of the voltage) 
where the conductors are dead ended, or at intermediate anchor 
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towers. They are also installed on sharp curves, where the 
conductors would tend to break the pin of a pin-type insulator, or 
pull a string of suspension insulators too far from the vertical. 
On extra long spans, as at river crossings, two or three strings of 
strain insulators arranged in parallel are often used. 

80. Arcing Horns and Rings. —In case of insulator flash- 

over the porcelain is often cracked or broken up by the power arc 
which follows the initial potential discharge. To protect against 
this trouble, the arcing horns or rings originally introduced by 
Nicholson ^ are installed on some overhead systems. One of the 
horns or rings is earthed, and the 
other is in electrical connection with 
the line conductor, and the arrange¬ 
ment is such that the arc is taken 
by the electrodes and held at a 
sufficient distance from the porcelain 
to prevent damage by the heat of 
the arc. The advantage of the ring 
design lies in the fact that the arc 
can form at any point around the 
insulator, and in case of formation 
on the windward side, it may be 
blown round without injury to the 
insulator. With definite terminals, 
on the other hand, the arc may be 
blown under the insulator and in¬ 
jure it. In some recent designs the 42.—Arrangement of arcing 

*! ^ , 11 - horns on suspension insulator. 

horns at the earth end are shaped in 

such a way as to lead this end of the arc upwards and outwards 
from the insulator string with a view to increasing the arc length 
as quickly as possible, and thereby making it self-extinguishing. 
It should be noted that the application of these devices lowers 
the flash-over voltage of the insulator, but this disadvantage is 
held to be more than counterbalanced by the protective value of 
the equipment. Fig. 42 shows the arrangement of the horns on 
a 4-unit string of suspension insulators. 

81. Distribution of Potential over a String of Suspension 
Insulators. —The voltage impressed on a string of suspension 
insulators does not distribute itself uniformly across the individual 
discs owing to the proximity of earth (represented by the supporting 
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tower). The metal-work (cap and connecting-link) of each disc 
has a capacitance relative to the metal-work of the next disc, 
and also a capacitance Cj relative to earth. Hence the arrangement 
may be represented by a series of condensers as shown diagram- 
matically in Fig. 43 for the specific case of a 4-unit string. A 
greater capacitance current flows through the line disc 1 than 
through disc 2, hence the voltage across disc 1 is greater than 
the voltage across disc 2. Similarly the voltage across disc 2 is 
greater than that across disc 3, and so on, the least share of the total 
voltage being taken by the cross-arm unit. The inequality of the 
voltage distribution is accentuated both by an increase in the 
number of units in the string, and a decrease in the value of the 



Fiq. 43.—Potential distribution on string of suspension insulators. 


Assuming that — is known, Peek ^ has shown that the voltage 

stresses on the discs can be calculated by the following formulaB :— 
Volts across 1st or line unit, 

= !("■ - 0 - 
Volts across 2nd unit, 

S - e, 

^ ^ _ _ * 


Volts across mth unit, 

{E - {e^ + e.i + + ... Cm - 1 )} 

=* cm _ 2- Y -— — — 
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where E = total voltage across complete string of n units, 
^ _ Cj _ mutual capacitance 
~ Cl ” earth capacitance ’ 

On = total capacitance of complete string 


*— Cl 4* Cn — 


2co + Cl - 


2c 2 + Cl - 


2c 2 + Cl - 


2C2 + Cl - 

the function to be carried to (w - 1) of the 20^ + Cj terms. 

With long insulator strings the above formulae are rather 
tedious to apply, and the voltage distribution can be obtained more 
conveniently by using hjrperbolic fimctions. In this method, the 
potential at the cross-arm end of the mth unit is given by 


Vfn 



. (114) 


and after having calculated this value for the various units, the 
actual voltage across any particular unit can be seen at once. 

Table 9 shows the voltage distribution over a 10-unit string 
as calculated by the latter formula, and assuming k 16. It is 
seen that the line disc takes 22*5 % of the applied pressure, while 
the disc at the cross-arm end of the string only takes about 
4-2 7o- 


Table 9.— Voltage Distribution over a \0-Unit Suspension 

Insulator. 


k = 16. E = 100. 


No. of Unit. 

Potential at Line End 
of Unit. 

j 

Voltage across Unit. 

1 

-1 

100 

22*5 

2 

77-5 

17-6 

3 

59-9 

13-8 

4 

46-1 

10*9 

6 

35-2 1 

8*7 

6 

26*5 

7*1 

7 

19*4 

5*8 

8 

18*6 

6*0 

9 

8*6 

4*4 

10 

4*2 

4*2 



136 


ELECTRIC POWER TRANSMISSION 


Supposing now that the applied pressure is gradually increased, 
flash-over of the string will occur when the stress across the line 
disc exceeds the flash-over voltage of a single disc. When this 
happens, the flash-over voltage of the string 

Ea = .... (115) 


where e is the voltage taken by the line unit when a voltage E is 
applied to the insulator, and ea in the flash-over voltage of a single 
unit. 

The term ‘ string efficiency ’ has been applied by Peek to the 
ratio 

Flash-over voltage of string of n units Ea 
n times flash-over voltage of one unit nCa * ^ ' 


In the particular example considered, the string efficiency 
would be about 


100 

22-5 X 10 


44 7„. 


It is thus important when installing suspension-type insulators 
to consider carefully not only the electrical tests made on in¬ 
dividual discs, but also the spacing between the discs, and between 
the insulator string and the tower. By attention to these details, 
a short insulator string will often give better results than a much 
longer series of discs installed with no special regard to the question 
of high string efficiency. 

So far the presence of surface leakage has been ignored, but its 
effect is to equalise to some extent the voltage drops across the 
individual units. Fig. 44, taken from actual measm-ements,^ 
exhibits this phenomenon clearly. When the insulator is dry the 
voltage distribution is unequal, and the string efficiency for varying 
numbers of discs is shown by the upper curve in the diagram. 
When the leakage surfaces of the discs are covered with moisture 
the flash-over voltage is lowered, but the distribution of voltage is 
equalised completely, the string efficiency under these conditions 
being unity. This is owing to the heavy leakage current swamp¬ 
ing the effect of the capacitance current. For these wet tests the 
insulator was heavily sprayed with water for a considerable period 
and the mist formed damped the underside of the discs. When 
only the top surfaces of the discs are wet, the flash-over curve 
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occupies an intermediate position to the dry and wet curves sliown, 
and the voltage distribution is unequal but not to the same extent 
as with a dry insulator. 



Number of Insulat’ora per S^rJng 

FiQ. 44.—Effect of leakage in modifying potential distribution on suspension- 

insulator string. 

82 . Shielding and Grading of Suspension-type Insulators. 

—It will now be readily recognised that the voltage rating of an 
insulator string is determined by the electrical stresses on the line 
disc. With the usual ten-inch discs and spacings employed in 
practice it is found that for strings of five or more units the line 
unit takes about one-quarter of the total applied voltage. The 
voltage distribution is most unequal on insulators of the Hewlett 
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and Jeffrey-Dewitt type, in both of which the line disc takes 
about 25 to 30 7o ^he applied pressure. In the cemented-cap 
type of insulator the metal cap secures a higher value for k, 
the line disc taking approximately 20 to 25 of the applied 
pressure. 

In order to show clearly how this phenomenon limits the rating 
of the insulator, the voltage across the line unit has been calculated 
for strings of 5, 6, . . . 10 units, assuming as before that k = 16, 
and the results are given in Table 10. 


Table 10 .—Voltage across Line Disc for Various Lengths of 
Suspension Insulator, 
k = 16 . 


Length of String. 


Percentage Voltage 
across Line Disc. 


5- unit 

6- unit 

7- unit 

8- unit 

9- unit 
10-unit 


26*6 
24-8 
23*7 V, 
23-1 
22*7 
22*5 y. 


Supposing now that the safe operating limit for a single disc is 
20 000 volts, the voltage rating for a string of five units is 

20 000 X = 75 200 volts, 

iiU O 

and for a string of ten units is 

20 000 X ~ = 88 900 volts. 

Hence, increasing the number of discs by 100 % only results in 
an 18*2 7© increase of voltage rating. Furthermore, even with a 
10-unit string the maximum line pressure is 

88 900 X ^3 = 154 000 volts. 

With the advent of very much higher line pressures the problem 
of equalising the electrical stresses has become of considerable 
importance. Various methods have been proposed for this purpose 
such as:— 

1. Increasing the c^ capacitances without increasing the 
capacitances so that the eifect of the earth current is relatively less. 
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This inay bo done by fitting* sheet-metal caps or rings in intimate 
contact with the porcelain. 

2. Increasing the Cg ca¬ 
pacitances of the discs on the 
line half of the string by 
using larger units. 

3. Increasing the ca¬ 
pacitances of the insulator 
along the string in proportion 
to the current flowing through 
the unit. To effect this, 
metal caps or rings are em¬ 
ployed, the size of these being 
varied for the different units 
*80 as to give the greatest C 2 
capacitance for the line unit, 
a less C 2 capacitance for unit 
2, and so on. This is gener¬ 
ally known as grading. 

4. Elimination of the 
earth capacitances by means of an antenna shield from the line 
conductor. This is called shielding, and Fig. 45 illustrates the 
principle of action of the device. 



Pig. 46.—Effect of grading on a 9-unit suspension insulator. 

Good results can be obtained by all these methods, but method 4 
has the special advantage of not requiring different types or 



Fio. 45.—Principle of action of antenna 
shield. 
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kinds of insulator discs to be installed, and has been adopted on 
the 220 000-volt system of the Southern California Edison Co.® 
The antenna shield in this case consists of a metal ring 28 inches 
outside diameter, surrounding the line unit and electrically con¬ 
nected to the conductor. At the cross-ann end of the string, 
arcing horns or a light ring is Sited, so that in the event of Sash- 
over the arc is held between the horn and the shield ring and pre¬ 
vented from injuring any of the discs. The curves in Fig. 46 
show the effect of the shield ring in equalising the voltage dis¬ 
tribution over a 9-unit string of cemented-cap type units. Con¬ 
trary to what might be expected, the flash-over voltage of an 
insulator string instead of being increased by shielding is usually 
slightly decreased, but not to a serious extent. 

83 . Recent Developments in the Design of Suspension- 
type Insulators. —The advance in transmission line voltages 

during the last thirty years 
has been continuous, and 
there seems no reason to 
doubt that before long pres¬ 
sures of 300 000 or 400 000 
volts will be used for the 
transmission of very large 
amounts of power. The 
length and cost of a conven¬ 
tional type suspension in¬ 
sulator designed for pressures 
of this magnitude would be 
prohibitive, and there is great 
need of an insulator which 
would be better adapted to 
increasing line voltages. 

Research work by Smith ^ has resulted in the develop¬ 
ment of a suspension-type insulator of simple construction, and 
possessing greatly improved electrical and mechanical character¬ 
istics. The form finally adopteddor a series of insulators which are 
being tried out under actual service conditicAis is shown in Fig. 47. 
The mechanical strain member consists of a special impregnated- 
wood spindle about 2 inches in diameter. Metallic flux-distribut¬ 
ing terminals surround the spindle at each end so that the electro¬ 
static field produced in the neighbourhood of the spindle conforms 



Fig. 47.—Experimental design for 110-kV. 
suspension insulator. 
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closely to the surface of the latter. The upper flux terminal 
which is a ring of about 45 inches diameter runs round the edge 
of a hood or water shed. 

The flash-over voltage of the insulator has a value of 280 kV. 
or over, dry, and 200 kV, or over, wet, under standard wet-spray 
test. It is designed for use on 110 000 volt lines, two units in 
series would be sufficient for 220 000 volt lines, and when neces¬ 
sary three units in series on 330 000 volt lines. No corona is 
visible on any point of the insulator until within about 5 7o below 
break-down voltage. Owing to the absence of arcing conditions on 
the surface of the insulating member the use of treated-wood 
spindles can be permitted, and it is claimed that the mechanical 
properties of the latter are far superior to any porcelain yet avail¬ 
able. 

84 . High-frequency Effects. —When an insulator, either of 
the pin or suspension type, is subjected to the action of high- 
frequency potentials, the electrical stresses are usually of a different 
character than when the potential is applied at the ordinary line 
frequency. The distribution of potential among any arrangement 
of pure capacitances is independent of frequency, but an insulator 
besides consisting of many capacitances may be considered to have 
a certain amount of leakage path in series thereto. Even if this 
leakage path can be considered non-inductive, the distribution of 
potential across such an arrangement is not the same at high as at 
low frequencies. This is probably one of the chief reasons why 
insulators, that will flash-over rather than puncture on tests con¬ 
ducted at the line frequency, will sometimes fail through puncture 
during atmospheric electrical disturbances. Another reason for 
this phenomenon is to be found in the fact that at high frequencies 
corona has no time to form and relieve the stress by rupture of 
the air. 

In considering high-frequency effects care should be taken to 
differentiate between:— 

1 . Continuous high-frequency oscillations. 

2 . Damped high-frequency oscillations. 

3. Impulses with steep wave front. 

1. Continuous or undamped high-frequency oscillations such 
as might be obtained from an Alexanderson alternator, when 
applied to an insulator cause high dielectric losses and heating, 


II 
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resulting in failure at comparatively low voltages. This is a con¬ 
dition that does not occur in the case of transmission lines, 

2 . Damped high-frequency oscillations occur frequently on 
transmission lines due to switching operations or arcing 
grounds. 

3 , Impulses are often produced in overhead systems by a 
lightning discharge in the proximity of the line. The voltage 
induced thereby, travels over the line as a disturbance with a 
steep wave front. At one instant an insulator may be subjected 
to the normal voltage, and a millionth of a second later, to the 
normal voltage plus or minus the induced voltage. If the voltage 
impressed on the insulator due to the impulse rises from zero to 
a maximum value in t seconds, the impulse may be said to have 

an equivalent frequency of cycles per second. 

It is found that both with impulses and single trains of damped 
high-frequency oscillations, a much higher voltage can be impi’essed 
on the insulator than the 50-cycle flash-over voltage. This is 
owing to the fact that the disruptive discharge through a dielec¬ 
tric requires not only a suflBciently high voltage but also a definite 
minimum amount of energy. Thus, on applying voltage rapidly 
to an insulator as by an impulse, flash-over does not occur when 
the continuously-applied break-down voltage is reached. The 
voltage overshoots the mark for such a time as will enable this 
amount of energy to be supplied to the dielectric, and inipture 
then takes place. The excess voltage is greater, tlie greater the 
rate of application. Also for a given rate of increase of pressure, 
the rupturing voltage is greater, the greater the ununiformity of the 
dielectric Held. With a parallel-plate condenser, or spheres of 
large diameter compared with their distance apart, the impulse- 
frequency flash-over voltage is practically equal to the 50-cycle 
value. For ununiform fields, such as exist between needle points, 
the impulse-frequency flash-over voltage may be two or three 
times the 50-cycle value. Peek ® has applied the term ‘ impulse 
ratio * to the ratio of the flash-over voltage at impulse frequency 
to that at commercial frequency. For insulators the ratio is of 
the order of 1*2 to 1*6 for the suspension type, and 1*3 to 2*3 for 
the pin type. 

85 . Causes of Insulator Failure. —The chief causes of in¬ 
sulators failing in service are: — 
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1. Deterioration by cracking of the porcelain. 

2. Porosity. 

3. Puncture of weak porcelain. 

4. Shattering by power arcs. 

5. Flash-over caused by dust deposits. 

6 . Failure from mechanical stresses. 

7. Short-circuits by birds and similar objects. 

1 . Failure by cracking of the insulator after a certain period of 
service has given great trouble both with pin-type insulators and 
the cemented-cap suspension type. The continued action of alter¬ 
nate and sometimes rapidly varying heat and cold, dryness and 
dampness, on the complete assembly of porcelain, steel, and cement, 
produces high stresses on the porcelain and ultimate fracture. 
This may be due to the differential expansion of the component 
parts which have different coefficients of cubical expansion, or to 
volume changes in the cement produced by hydration. Improve¬ 
ments have been made in later designs of insulators by providing 
for the relative expansion of the different materials. In some cases 
elastic cushions have been used between the shells, and the steel 
pins fixed into the insulator by means of metal thimbles or tarred- 
hemp wrappings. 

2. Porosity in the porcelain, due to under-firing or other causes, 
always leads to failure after a comparatively short period of service. 
The porous material absorbs water, either from the atmosphere or 
the cement, thus decreasing its electrical resistance. The leakage 
current which then flows through the porcelain tends to heat up a 
localised portion to a high temperature. This local heat may then 
cause mechanical failure followed by the passage of a power arc 
through the insulator shell, or under certain circumstances the 
leakage current may gradually increase with increasing tempera¬ 
ture until the porcelain is punctured. In this connection it should 
be noted that good glazing may postpone the deterioration of porous 
porcelain but it cannot eliminate it. 

3. Puncture of insulators occurs occasionally due to improperly 
vitrified material. Severe routine electrical tests during the 
course of manufacture are the best form of insurance against this 
trouble. 

4. The shattering of insulators by the intense heat of the power 
arc which usually follows a lightning flash-over is one of the 
most common interruptions to service. Arcing horns or rings are 



144 


ELECTRIC POWER TRANSMISSION 


satisfactorily employed on many systems to reduce this particular 
operating hazard. 

5. Flash-over caused by salt, cement-dust, or soot deposits 
may give trouble on localised line sections. These deposits are 
partially conducting and produce a considerable reduction in the 
flash-over voltage of the insulator, particularly, when in addition 
to the dust deposits on the interior surfaces, the exterior surfaces 
of the shells are wet under conditions of mist or fog. It is often 
recommended to install larger insulators on line sections where 
the atmospheric conditions are bad, but this is only a palliative 
measure, and trouble due to this cause can only be eliminated by 
periodically cleaning the insulators. 

Special suspension insulators for erection on coastal lines or 
in industrial areas are now being manufactured. Some of these 
rely on the possession of a very long leakage surface, and others 
of more unconventional design have the main corrugated leakage 
surface on the upper side of each unit where it can be washed 
by the combined action of wind and rain.® 

6 . Failure of insulators by mechanical stresses which cause 
actual pulling apart is very rare as defective material is usually 
weeded out by routine factory tests. 

7. Short-circuiting of conductors by large birds or similar 
objects gives trouble in certain localities. This can often be pre¬ 
vented by increasing the spacing of conductors and using suspension, 
instead of pin-type, insulators. 

86 . Safety Factors. —Insulators are generally so designed 
that the wet and dry flash-over voltages are several times the 
operating voltage of the line, so as to make provision for abnormal 
pressure rises. The ratio between the flash-over voltage of the 
insulator at normal frequency, and the operating voltage is known 
as the safety factor. Average values of this factor for pin- and 
suspension-type insulators are exhibited by the curves of Fig. 48. 
It will be noticed that the safety factor is far higher on the low- 
voltage lines. This is as it should be, seeing that all overhead lines 
in a given locality are subject to virtually the same pressure rises 
due to lightning. The high-voltage lines are thus relatively less 
affected. In any case it does not appear desirable to use safety 
factors less than 2, as low-frequency surges of double voltage may 
appear in the line caused by normal switching operations. 

The severest electrical stresses on insulators are caused by steep 
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wave front impulses and other high-frequency potentials produced 
by lightning disturbances. Fortunately, the impulse flash-over 
voltage of an insulator is always higher than the 50-cycle flash- 
over voltage, and has the important advantage of not being lowered 
by rain or moisture. Hence the protective value of an insulator 
against high-frequency disturbances is greater than indicated by 



OperaHng voltage, in KV. 

Fig. 48.—Typical safety factors for insulators. 

the safety factor as above defined. The puncturing power of 
high-frequency impulses is, however, greater than that of 50-cycle 
potentials, and so, beside a high impulse ratio, insulators should 
possess a correspondingly high dielectric strength. 

The flash-over voltage of insulators is lowered by a decrease 
of air density produced by atmospheric temperature or pressure 
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changes. In a uniform didectric field the reduction of voltage 
would be strictly prop)ortional to the decrease in the air density, 
but with the non-uniform dielectric field of an insulator the reduc¬ 
tion depends somewhat upon the particular type and design. In 
any case, however, the departure from the theoretical relation for 
uniform dielectric fields is small, and the correction for atmospheric 
conditions can safely be made by assuming the flash-over voltage 
to be directly proportional to the air density. For instance, if the 
flash-over voltage of a pin-type insulator is found to be 100 
kilovolts at sea level (barometric pressure 29*9 inches), then at an 
elevation of 5 000 feet (barometric pressure 24*6 inches) it would be 
liable to flash-over at a pressure of 


100 X 


24*6 


29*9 
82*3 kilovolts. 


Due allowance must be made for this reduction of flash-over 
voltage when selecting insulators for lines erected at a high 
altitude. 

87 . Testing of Insulators. —In the course of manufacture 
insulator tests are made for one of two purposes:— 

1. Design tests to ascertain the electrical and mechanical per¬ 
formance of a particular type of insulator. 

2. Routine tests to weed out defective insulators. 

These two categories are indicated by the letters ‘D.* and ‘R.* 
respectively in the list given below. Until recently there was a lack 
of uniformity among manufacturers both as to the tests employed and 
the precise methods of carrying out the same. Some or all of the 
following tests have been used:— 

bO-cycle Dry Flash-over Voltage (Z>. and K ).—The dry flash- 
over voltage is determined by applying a gradually increasing 
voltage between the electrodes of the insulator until the surrounding 
air breaks down with formation of a sustained arc. As a routine 
test, vigorous flash-over voltage is impressed for two or three 
minutes on all shells before assembly, and afterwards on the 
complete insulator. 

50-cycle Wet Flash-over Voltage {D .).—This is determined by 
gradually applying voltage between the electrodes of the insulator 
the latter being sprayed with water. The standard precipitation 
conditions are 0*2 inch per minute at an angle of 45 degrees, the 
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water having a resistance at normal atmospheric tempersture Of 
about 10 000 ohms per centimetre cube. 

Puncture Voltage {D. and R.). —For this test the insulator 
is totally immersed in oil, the voltage being increased gradually to 
a certain specified figure, or until puncture occurs. In a routine 
test, the average puncture strength of each batch of insulators is 
estimated by selecting a small number of units (about 5 per 
thousand) out of those which have passed the flash-over voltage 
test successfully, and carrjdng them to destruction under oil. 

Impulse Ratio (D.). —To obtain the flash-over voltage at 
impulse frequency, and hence the impulse ratio, the lightning 
generator developed by Peek is employed. By means of this 
apparatus a steep wave front voltage having an equivalent 
frequency of several hundred kilocycles per second can be im¬ 
pressed on the insulator, the voltage being measured by a sphere 

gap- 

High-frequency Oscillator {R,). —This is a valuable method 
of testing introduced by Creighton,^® in which a potential having a 
frequency of the order of 200 kilocycles per second is impressed 
on the insulator. The oscillator itself consists of a resonating 
circuit with a spark gap, which produces a damped high-frequency 
wave train every time the 50-cycle supply voltage passes through 
its maximum value. Due to time lag, a voltage about 30 7o 
higher than the 50-cycle flash-over voltage can be applied to the 
insulators, and the defective units are rapidly picked out. Further¬ 
more, the discharge tends to spread over the insulator surfaces and 
may thus detect flaws in the petticoats more readily than the 50- 
cycle test. The high-frequency test has also a logical basis inas¬ 
much as the electrical stresses due to lightning are of a similar 
high-frequency nature. Owing, however, to the difliculty of 
standardisation, it does not appear so suitable for a design test 
as the test at operating frequency. 

Mechanical Strength {D. and R,), —To ascertain the ultimate 
mechanical strength of a pin-type insulator it is mounted on a steel 
pin, and a gradually increasing load applied to the tie-wire groove 
by means of a steel bridle until failure occurs. Suspension insula¬ 
tors are tested in pure tensioa Alternatively insulators may be 
specified to withstand without failure a high mechanical load and 
the simultaneous application of a voltage approximately 75 % 
the dry flash-over voltage. Routine mechanical tests are usually 
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made by subjecting all insulators to a specified load, say, 25 7© 
above the maximum working load, without injury. 

Porosity (R.).—The best method of determining the degree of 
vitrification of the porcelain is by the fuchsine penetration test. 
Samples of every batch of recently-fired insulators are broken into 
pieces, and immersed under pressure in a solution of fuchsine 
dye in alcohol. After a sufficient period of time has elapsed the 
specimens are removed from the testing vessel and examined. The 
slightest degree of porosity is indicated by a deep penetration of the 
dye into the body of the specimen. 

Temperature-cycle (D .).—In this test the insulator is subjected 
to several temperature cycles by alternate immersion in hot and 
cold water. No damage must be caused to the insulator or the 
glaze, and after drying the insulator must withstand the usual 
flash-over test. 

The actual conditions under which the various insulator tests 
are carried out has an important influence on the results obtained, 
and it should be noted that ratings and tests for insulators operat¬ 
ing at 3 300 volts and above have been standardised by the British 
Standards Institution. For full details reference should be made 
to this specification.^^ 

88 , Formation of Corona. —When the pressure between the 
conductors of an overhead transmission system exceeds a certain 
definite value—the visual critical voltage of the line—a liissing 
noise is heard, and the conductors are found to be surrounded by a 
luminous envelope to which the name of corona has been applied. 
Tlie luminous envelope is composed of air which has broken down 
and become temporarily conducting under tlie high electrostatic 
stress, and its effect is equivalent to increasing the diameter of the 
conductors. The break-down starts first near the surface of the 
conductor, as the electrostatic stress or potential gradient has its 
maximum value there, and the thickness of the conducting layer 
of air increases with increase of pressure. If the conductors are 
very close together (the interaxial distance being less than fifteen 
times the diameter of the conductors) the formation of corona in¬ 
volves an increase in the potential gradient between them ; the 
corona spreads farther, and so on, until flash-over occurs. In 
this case immediate disruptive discharge takes place, and no stable 
corona can be formed. With the wide spacings adopted for 
commercial lines, the formation of corona has the precisely opposite 
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effect of decreasing the stress between the conductors. The corona 
extends until the increase in the effective diameter of the conductor 
is sufficient to bring the potential gradient at the edge of the corona 
down to the disruptive gradient of air, and the corona can then 
spread no farther at the particular voltage under consideration. 

Corona is accompanied by a loss of energy which increases very 
rapidly once the visual critical voltage is exceeded. This energy is 
dissipated in the form of light, heat, sound, and chemical action. 

Dielectric Stren^h of Air and Disruptive Critical 
Voltage. —The potential gradient at which complete disruption 
of a dielectric occurs, is called the disruptive strength or dielectric 
strength of tlie material. With air at a barometric pressure of 
76 cm., and temperature of 25° C., it is = 30 kilovolts per centi¬ 
metre. The dielectric strength of air is proportional to its density 
over a very wide range, and thus directly proportional to the 
barometric pressure, and inversely proportional to the absolute 
temperature. Taking the density of air under the above standard 
pressure and temperature conditions as being equal to unity, the 
relative density at a pressure of b cm., and temperature of C., is 

. _ 3-926 

273 + f 

and the dielectric strength under these conditions is g^S. 

In a uniform dielectric field such as exists between parallel 
plates the potential gradient has a constant value at all points. If 
the voltage is gradually increased, as soon as the break-down gradient 
of 30 kilovolts per centimetre is attained (assuming standard pres¬ 
sure and temperature conditions), the air breaks down, and flash- 
over occurs short-circuiting the plates. If the dielectric field is not 
uniform, as for instance the field between two parallel wires or two 
spheres, then with increasing voltage the break-down gradient will 
not be reached simultaneously throughout the entire field, but is 
first attained at the surface of the wires or spheres. 

In the case of parallel wires it has been shown that the potential 
gradient at the surface of the conductors is given by 

E 

9max “ d' ' * * * 

r loge - 

where E is the voltage to neutral, both gfmax and E being expressed 
in R.M.S. values. 
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When the disruptive gradient of air is reached at the conductor 
surface 


9q = 


Eq 
r log. 


r 


or 


Eo = log. 


d 


Eq being known as the disruptive critical voltage. 

In practice, corrections have to be applied to this formula for 
air density and surface conditions of the conductor. Noting also 
that for sine waves the R.M.S. value of Qq is 21*1 kilovolts per 
centimetre, the complete formula is 

Eq = 21*lmorS log, ^ kV. to neutral (R.M.S), . (HV) 

where 

5 = air density factor (1 at 76 cm. barometer, 25° C.) 

3*926_ 

”” 273 + 

b = barometric pressure in centimetres, 
t = temperature in degrees C., 
r = radius of conductor in centimetres, 
d = spacing between centres of conductors in centimetres, 
ttIq = 1 for polished wires 

= 0*98 - 0*93 for roughened or weathered wires 
= 0*87 - 0*80 for stranded conductors (concentric lay). 

In the case of stranded conductors the variation in viq is due to 
the number of strands employed, and the varying ratio between the 
strand diameter and overall diameter in different sizes of conductors. 
It also depends on the surface conditions of the conductor, often 
improving after a conductor has been in service for a time, and 
become weathered and the roughness and abrasions oxidised away. 
Any mutilation of the conductor during construction or stringing 
lowers tUq considerably, but in the absence of any special features 
0*85 seems a safe value to use in calculations. 

The value of Eq as given above is the disruptive critical voltage 
for fair-weather conditions. Bad atmospheric conditions, such as 
fog, sleet, rain, and snowstorms, lower Eq considerably and increase 
the corona losses. 
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90. Visual Critical Voltag^e. —In the case of parallel wires it 
is found that visual corona does not begin at the voltage Eq at 
which the disruptive gradient of air is reached, but at a higher 
voltage Ev called the visual critical voltage. As a result, when 
corona begins, the potential gradient gv at the conductor surface is 
higher than the disruptive gradient g^. Contrary to what might 
be expected, gf*,, the apparent strength of air, is not a constant but 
depends on the size of the conductors, air being apparently stronger 
at the surface of small conductors than large ones. Peek^^ has 



shown that the relation between the apparent strength of air and 
the radius of the conductor can be expressed by the fonnula 


Since we have also 

it follows that 



9v 


E. 

1 


Ev 


(r + loge 


d' 

r 


Comparing this with formula (20) it is evident that gfo is the 
gradient 0'3 centimetre from the surface. Hence the stress 
at the conductor surface when corona appears is not the same for 
all diameters, as already stated, but is always constant and equal 
to g^ at a distance 0*3 centimetre from the surface. This is 
shown diagrammatically in Fig. 49. 
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According to Peek, this phenomenon is due to the fact that 
dielectric break-down of air requires a finite volume of over-stressed 
air. In otlier words, a finite amount of dielectric energy is neces¬ 
sary to cause rupture or start corona. Hence the potential gradient 
at the conductor surface must exceed the elastic limit or be in¬ 
creased to ffvf in order to supply the necessary rupturing energy 
between the conductor surface and the finite radial distance in 
space away (0*3 cm.) where the stress is and break-down 
occurs. 

The equation for the visual critical voltage may now be 
written 

= g^r log. ~ 

/, 0-3\ , d 

* + Tr)' r’ 

where Ey is the R.M.S. value in kilovolts to neutral, having the 
value of 21*1. 

If the energy-distance theory is true, gvy unlike should not 
vary directly with the relative air density S, and as a matter of fact 
it is found by experiment that 



The visual critical corona point is quite sharp and definite for 
wires, but not so in the case of stranded conductors. With the 
latter, corona, after it first appears, increases gradually for a 
considerable range of voltage until a certain definite voltage is 
reached, after which the increase is very rapid. The first point 
is called the local corona point, and the second the decided corona 
point. 

The complete formula for the visual critical voltage is thus 

Ev = 21-Wr^l + log.^ kV. to neutral (RM.S.), (118) 

where 

my = mo for wires (1 - 0*93) 

= 0*72 for local corona on stranded conductors 
= 0*82 for decided corona on stranded conductors, 

the other constants being expressed as in formula (117). 
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91. Corona Power Loss. —The formula for loss of power in 
fair weather as derived from experimental data by Peek is 

P,^^(f+25)yl'^^(E-E^)nO-^ kW. per mile por phase, (119) 

where E = R.M.S. kilovolts to neutral, 

/ == frequency in cycles per second, 

the other constants having their former values. 

The approximate loss under storm conditions is obtained by 
taking as 0*8 times its fair-weather value. 

Asa matter of fact, with perfectly smooth and cylindrical con¬ 
ductors no loss occurs until the visual critical voltage is reached, 
when the loss suddenly takes a definite value equal to that 
calculated by the quadratic law with Ey as the applied voltage. It 
then follows the quadratic law for all higher voltages. With the 
roughened and weathered conductors used in practice, however, the 
quadratic law is approximately followed over the whole range of 
voltage starting at E^, but the loss is dependent to such an extent 
on the irregularity factor, m^, that accurate calculations are im¬ 
possible. 

92. Practical Corona Formulae and their Application.— 

The formulae required for the determination of the corona character¬ 
istics of transmission lines expressed in terms of inch units and 
common logarithms are:— 


Disruptive Critical Voltage, 


E, = 123mor8 log^o ^ kV. to neutral (R.M.S.). (120) 

Visual Critical Voltage, 


Ev = 123mySr^l -h 
Power Loss, 


0 * 189\ , d 


logio - kV. to neutral (R.M.S.). (121) 


P, = 25)^^(^ - P„)no-® kW. per mile per phase, (122) 


where 


E = R.M.S. kilovolts to neutral, 

h = air density factor (1 at 29*9 in. barometer, 77° F.) 
= _ 17 * 9 ^ 

“ 459 '+ f 
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h = barometric pressure in inches, 
t = temperature in degrees F., 
r == radius of conductor in inches, 
d = spacing between conductor centres in inches, 
f = frequency in cycles per second. 

For approximating storm loss consider Eq = 0*8 of its fair- 
weather value. 

== 1 for polished wires 

== 0*98 - 0*93 for roughened or weathered wires 
= 0*87 - 0*80 for stranded conductors (concentric lay). 
rriv == mo for wires (1 - 0*93) 

= 0*72 for local corona on stranded conductors 
= 0*82 for decided corona on stranded conductors. 


In order to illustrate the use of the formulae the following 
example will be taken :— 

Problem 5.—Find the corona characteristics of a three-phase 
line 100 miles long, consisting of three 0*10 sq. in. stranded copper 
conductors, spaced in an eight-foot delta arrangement. Tempera¬ 
ture taken as 80° F. Altitude of line 1 000 feet, corresponding 
to an approximate barometric pressure of 28*8 inches. Frequency 
50 cycles. 

From wire tables the diameter of the conductor is found to be 
0* 408 inch. 

Then 


d ^ 96 

r 0* 204 


470*6 


logio ^ 673 


I 

3 

m# = 085 

= 072 or 082 
0- 189 _ T ^ _ 0- 189 


= 0- 0461 

_ 17-9 X 28-8 
459 + 80 


= 0- 956 


1- 428. 
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The disruptive critical voltage is 

123morS log,# ^ .(120) 

= 123 X 0-85 X 0- 204 x O’ 956 x 2' 673 
= 54 5 kV. to neutral. 

Visual corona first appears at 

E. = 123 m,8r(l + log,, ^ . (121) 

= 123 X 0-72 X 0* 956 x 0* 204 x 1- 428 x 2* 673 

= 65 9 kV. to neutral, 

and more decidedly at 

Ev = 123 X 0-82 X 0- 956 x 0* 204 x 1* 428 x 2* 673 

= 75*1 kV. to neutral. 

Supposing now that the line is operated at 110 000 volts (63’5 
kV. to neutral), the fair-weather power loss is 

Pc = ~{f + 25)^J(£; - E,y 10 - . . . (122) 

QQO 

= X 75 X 0- 0461(63*5 - 54*5)-' 10"^ 

0* 956 

= 1*14 kW. per mile per phase, 
and the approximate storm loss is 

Pc = -^(/+ 25),^'^(A’ - 0-8A;)= 10 

= X 75 X 0- 0461(63:5 - 43-6)» 10 

0* 95b ^ ^ 

= 5*59 kW. per mile per phase. 

In actual practice, the voltage, and therefore the corona loss 
varies at dijfferent parts of the line. In many cases also the 
altitude of the line varies considerably at different points. These 
effects can be allowed for in a long line by calculating the loss per 
mile at a number of points. A curve is then plotted with the loss 
per mile as ordinates, and length of line as abscissae; the area of the 
curve representing the total loss on the line. 

When the line conductors are not spaced in an equilateral 
triangle, but as is often the case, unsymmetrically in a plane, corona 
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will start at a lowei’ voltage on the centre conductor where the 
stress is greatest tliaii on the outside conductors. The estimation 
of tlie power loss in this case is more difficult, as it is necessary to 
evaluate the potential gradient round each individual conductor 
and use this as the basis of calculations for the loss therein. 

93. Voltage Limitations of Line. —The critical voltage limit 
of a line can be raised by increasing either the spacing or the size 
of the conductors, but the latter method is preferable as the spacing 
must be kept down to a minimum value in order to save tower 
costs, and avoid excessive reactance drop in the line. For increas¬ 
ing the size of the conductors, stranded conductors with hemp 
centres have occasionally been employed, but have not proved 
satisfactory from a mechanical point of view owing to the hemp 



(b) 

Fia. 60.—Types of conductor ised to reduce corona loss. 

deteriorating rapidly. Steel-cored aluminium conductors have a 
much greater diameter tlian copper ones of the same conductivity, 
and this consideration often leads to the choice of steel-cored 
aluminium for systems operating near the corona limit. 

In a special conductor construction introduced by the Anaconda 
Wire and Cable Co., one or more layers of copper strands are 
spiralled round a core of twisted copper, I-beam in shape, as shown 
in Fig. 50 (a). Thus strength is added to the hollow conductor 
without the addition of dead weight or sacrifice of conductivity or 
durability. Another design coming into use consists of a number 
of tongued and grooved rectangular copper sections which are 
spiralled along the length of the conductor to form a hollow tube 
(see Fig. 50 (6)).^^ 

In general, it is not advisable to operate a lino above it;S fair- 
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weather disruptive critical voltage (determined for 25'’ C. and 
average barometric conditions). If the operating voltage happens 
to be just below this value the corona losses in line weather will bo 
negligible. They may, however, have a fairly high value under 
storm conditions, but, since storms are only experienced at intervals 
in most districts, it is usually more economical to pay for these 
losses for small parts of the year than try to eliminate them 
absolutely by using heavy conductors. 

94. Triple-harmonic Currents Due to Corona. —The prac¬ 
tice of designing tlio line so as to avoi<l corona formation under 
normal conditions is also desirable in order to eliminate triple- 
harmonic voltages or cun’ents which may be introduced in the 
system thereby. The formation of corona starts at a point on the 
ascending portion of the voltage wave, and disappears when the 
wave has passed through a maximum and reached the same value 
on the descending portion. This occurs every half-cycle, and pro¬ 
duces a pulsation in the voltage wave having three times the 
generator frequency. In an earthed system this triple-frequency 
voltage causes a triple-frequency cuiTeiit to flow through the 
capacitance of the system to earth and back through the earthed 
neutral. The effect is accentuated by the fact that the capacitance 
of each conductor is not constant but also pulsates at triple¬ 
frequency due to the increase and decrease of effective conductor 
diameter caused by the corona. In tests made by Lewis the 
magnitude of the triple harnionics found were of the order of 40 
with neutral earthed at one end of the line. In such a case the 
capacitance current in the conductors, and the rise in pressure along 
the lino at times of light load, may be much greater than their 
calculated values. 
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CHAPTER VIII. 


VOLTAGE CONTROL BY SYNCHRONOUS PHASE 
MODIFIERS. 

95. Importance of Voltage Control.— One of the most 
troublesome features associated with the operation of overhead 
transmission systems is the inherent variation of voltage at the 
receiving end, due to changes in the load. These fluctuations of 
voltage must be prevented from reaching the distributing network 
for the following reasons:— 

1. In the case of a lighting load, the lamp characteristics are 
very sensitive to changes of pressure. For example, a 5 °/^ decrease 
in the applied voltage results in a decrease of 15-20 in the 
illuminating power of metallic-filament lamps. On the other hand, 
if the voltage is 5 above the correct value, the lamps deteriorate 
at a rapid rate, their life being shortened by about 60 

2. Similar fluctuations of voltage are undesirable in the case of 
a power load consisting of induction motors. For, if the voltage 
is above normal, the motor operates with a saturated magnetic 
circuit, with consequent large magnetising current and heating 
and lower power factor. If the voltage, on the other hand, is low, 
its effect is to very considerably reduce both the starting torque 
and pull-out torque. 

3. In the case of distribution transformers also, the impressed 
voltage must be kept within fairly close limits in order to avoid 
excessive heating, and the introduction of prominent third 
harmonics in the voltage or current wave. 

96. Methods of Voltage Control. —In many cases, and 
particularly with short lines, the method adopted to deliver a steady 
voltage at the consumer’s terminals is to change the voltage im¬ 
pressed on the line at the sending end pari pasav^ with the load. 
The line is designed so that the regulation or inherent voltage 
variation at the receiving end, from no load to full lagging load 
and including the effect of raising and lowering transformers, is 
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kept to a value not exceeding, say, 20 to 25 7o- Automatic voltage 
regulators, compounded for line drop, then vary the excitation of 
the generators so as to keep the fluctuations of the receiving- 
end voltage within close limits. Finally, the voltage in the dis¬ 
tributing network is kept steady by using potential regulators, 
or boosting transformers, on the feeders of the distributing system. 

Whilst satisfactory for relatively short lines, this method of 
working is not applicable to lines of great length because the 
difference in receiving-end voltage between no-load and maximum¬ 
load conditions becomes excessive. It should be noted, moreover, 
that by this method of control the variations of pressure are 
not eliminated, but merely transferred from one end of the line 
to the other. In some cases, however, a considerable amount 
of power has to be supplied to consumers in the vicinity of the 
generating station, and so voltage variation at this end involves 
the same disadvantage as variation at the receiving end. It is only 
in comparatively recent years that the problem of voltage control 
has been adequately solved by the introduction of the constant- 
voltage system of transmission. In this method, specially designed 
synchronous motors are installed at the receiving end of the line to 
change the power factor of the system as the load changes and 
thus always preserve a constant pressure drop along the line. By 
this means, not only can the sending- and receiving-end voltages 
be held absolutely constant, but other important advantages are 
secured. 

97. Synchronous Motors. —It is well known that by altering 
the excitation of a synchronous motor it may be made to take 
either a lagging or leading current from the line. Tliese changes 
are clearly shown by the * F’ curves of the machine. The curve 
given in Fig. 51 relates to a particular synchronous motor when 
running light or carrying no meohanical load. The minimum 
value of armature current, between the lagging-current and leading- 
current branches of the curve, indicates that the motor is then 
working at unity power factor, and the power input is just sufficient 
to meet the no-load losses of the machine. For this particular 
motor the excitation must be increased from 112 amperes at unity 
power factor to 155 amperes at full kVA. output leading; the 
range of excitation being 1*4 to 1. For operation between full 
lagging and full leading kVA. output, the range of excitation is 
67 to 155 amperes or 2*3 to 1. 
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Idle-running synchronous motors were first employed in con- 
flection with power plants to correct for low power factor of the 
load, and thus reduce the current and power losses in the generators 
and feeders. For this purpose they should be installed on the dis¬ 
tributing system network as near the centre of gravity of the load 
as possible, so that the benefits of power-factor correction may be 
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Pig. 51.—‘ V ’ curves of a synchronous motor. 

felt over the entire generating, transforming and transmitting ap¬ 
paratus. When required for this duty synchronous machines are 
usually referred to as ‘ synchronous condensers' since they are 
always required to take a leading current and hence have the 
electrical characteristics of a condenser. In the case under con¬ 
sideration, where idle-running synchronous machines are used for 
voltage-regulating purposes, they are required to run part of the 
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time with leading current and part of the time with lagging current, 
and thus the term ‘ synchronous phase modifier' appears to be more 
appropriate. 

Synchronous phase modifiers differ from sjmchronous motors 
intended to be used for mechanical loads inasmuch as they are built 
for the highest economical speeds, and equipped with smaller shafts 
and bearings. Furthermore, special attention is given to securing 
a higli overall efficiency. With modern improvements and refine¬ 
ments of design, the total losses at full-load leading power factor 
expressed in terms of the kVA output are approximately 4 % 
a 2 000 kVA. machine, falling down to 2 7o for machines of 20 000 
kVA and over. As usually built, s 3 mcliroiiou 8 phase modifiers are 
designed to give their full-load output at leading power factor, and 
can then carry about 50 of their rated capacity lagging. Larger 
lagging loads result in unstable operation on account of the weakened 
field Machines can, however, be designed to operate at full rating 
both leading and lagging, but they are larger, have a greater loss, 
and are more expensive than standard machines. 

98. Power Factor Control of Line Voltage. —The action of 
synchronous phase modifiers in controlling the terminal voltage of 
a line can be easily understood by considering a modification of the 
fundamental vector diagram which was given in Fig. 14. Fig. 52 
is the same as Fig. 14 except that the current in the line at the 
receiving end is split up into its two components, /p in phase with 
Et, and Iq in quadrature with Er and lagging behind it for usual 
loads. Then we have 

RG — ohmic pressure drop due to Ip (drawn parallel to OR). 

OH = reactive pressure drop due to Ip (drawn 90° ahead of OR). 
HO = ohmic pressure drop due to Iq (drawn parallel to ND). 

OS == reactive pressure drop due to Iq (drawn 90° ahead of ND). 

The voltage drop along the circuit is, to a first approximation, 

IpR + /,A.(123) 

Now the component Ip cannot be altered as this represents the 
actual power taken by the receiving-end load. By drawing a lead¬ 
ing wattless current from the line, however, Iq can be decreased or 
reversed if necessary. This alters the size of the impedance triangle 
HOS. For as Iq is reduced more and more by the leading current 
taken by the synchronous phase modifiers, the point S travels along 
SH until it reaches H. If the leading current taken by the 
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synchronous phase modifiers is farther increased, Iq is reversed 
and the impedance triangle also, the point S travelling along Sff 
produced. It is easy to see that by this means, no matter what 
the load or power factor, the difference between the sending- and 
receiving-end pressures can be adjusted so as to be absolutely 
constant 

For instance, assume a line with a constant impressed voltage 
of 110 000 volts at the sending end. Under normal conditions the 
receiving-end pressure at no load rises to, say, 120 000 volts due 
to capacitance effects, while on full lagging load the receiving-end 
pressure may fall to about 80 000 volts. Synchronous phase 
modifiers might be installed at the receiving end of the line to 



maintain a constant terminal pressure of 100 000 volts. At times 
of light load the machines would be operated under-excited, draw¬ 
ing a lagging current to pull down the voltage from 120 000 to 
100 000, while under load they would be over-excited and draw a 
leading current to raise the terminal pressure from 80 000 to 100 000 
volts. This constant voltage regulation is usually made automatic 
by installing voltage regulators operating on the field circuit of 
the synchronous phase modifiers, and having their control magnets 
actuated by the phase voltage of the circuit in which the pressure 
is to be maintained constant. 

99. Influence of Synchronous Phase Modifiers on Carrying 
Capacity of Line. —One of the greatest advantages of the constant- 
voltage system is that it allows the load of a transmission line to 
be made two or three times as great as could otherwise be canned, 
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thus reducing line costs per kilowatt transmitted. In any non- 
regulated overhead system, the voltage variation at the line 
terminals fixes a limit to the amount of power that can be trans¬ 
mitted. With the lagging loads obtained in practice, this voltage 
variation is determined chiefly by the reactance of the line as 
shown by formula (123). Now with high-voltage lines, the react¬ 
ance is usually very much greater than the resistance, hence the 
maximum permissible regulation is reached while the line losses, 
which are determined chiefly by the resistance, are still very light. 
Thus the line is unnecessarily efficient from an economic point of 
view. If, however, synchronous phase modifiers are installed to 
maintain a steady voltage at the line terminals, the line losses can 
be made to assume any value which is shown to be desirable from 
economic considerations. 

Practical experience indicates that non-regulated systems cannot 
be operated satisfactorily when the voltage variation from no load 
to full lagging load is more than 15 7o high-tension circuit. 

Taking into account also the pressure drop in the sending- and 
receiving-end transformers, this would mean a total regulation of 
20 to 25 7o- When, as a result of developing load, the regulation 
of the system has reached this value, it has been customary to 
install a duplicate line or alternatively to increase considerably the 
operating voltage of the system. The installation of synchronous 
phase modifiers is usually a cheaper means of achieving the same 
object. By using these machines loads can be transmitted which 
would produce a voltage regulation of 40 to 80 in a non- 
regulated line. 

The influence of synchronous phase modifiers in increasing the 
power rating of overhead lines is best illustrated by taking a few 
numerical examples. Assume that power has to be transmitted a 
distance of 100 miles to supply a load of 80 power factor ; the 
receiving-ejid line voltage being 100 000 volts, 50 cycles. Taking 
a 12-foot spacing between conductors, the smallest size of stranded 
copper conductor it is possible to use, from consideration of corona, 
is OTO sq. ia The resistance and reactance of this, and four 
larger stranded conductors, are given in the second and third 
columns of Table 11. Under tlie condition tliat the load of a non- 
regulated line is limited by a regulation of 15 7o 
impedance only, the maximum amounts of power tliat can be trans¬ 
mitted over these conductors are shown in the fourth column, and 
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Table 11. — Carrying Capacities of RegvXated and Non- 
regulated Overhead Lines. 


Regulated lines—Limiting Factor, 10 Power Loss. 
Non-regulated Lines—Limiting Factor, 15 Voltage Variation in Transmission. 


^ 100 000 „ 
Ef = — -pz^- volts. 
V 3 

Cos (Pr = 80 lagging. 


Distance of Transmission = 100 miles. 
Spacing = 12'. Frequency = 50 cycles. 


1 

Size of 
Conductor. 

j 


Non-regulated Line. 

itegulated 

Line. 

Ratio of 
Carrying 
Capacities. 

Resistance. 

Reactance. 

1 

Carrying ) 
Capacity in 
Kilowatts. 

Ejfficiency 
of Trans¬ 
mission. 

Carr> ing 
Capacity in 
Kilowatts. 

0*10 Bq. in. 

43*5 ohms 

69*6 ohms 

15 700 

1 90*6 

25 500 

1*63 

0-20 „ 1 

21*6 „ 

66-0 „ 

21 100 

1 93*6 „ 

49 500 

2*35 

0-30 „ 1 

14 3 

63*4 „ 

24 300 1 

1 95*0 „ 

73 000 

3*00 

0-40 „ 

10-8 „ 

61*9 „ 

25 700 

96*0 „ 

93 000 

3*62 


the transmission efficiencies in the fifth columa It will be seen 
that the line losses are unduly small, particularly with the heavier 
conductors. Suppose now that synchronous phase modifiers are 
installed at the receiving end to control the voltage, and that the 
maximum loads on the lines are determined by the condition that 
the line losses must not exceed 10 °/^. The carrying capacities 
of the same sets of conductors with this method of control 

(E, ~ yvolts) are given in the sixth column of the table. 

V d 

The last column shows the carrying capacity of the constant- 
voltage line expressed as a ratio of the carrying capacity of tlie 
non-regulated line, and it will be noticed that very substantial 
increases of load are permissible. In fact, by this method, loads 
can be increased until limited by the cost of the extra power losses 
in the line, or by the cost of the synchronous machinery needed to 
maintain constant voltage. 

100 . Effect on Power Factor. —The advantages of operating 
alternating-current machinery and systems on unity power factor 
are well known and do not need elaboration here. Briefly, the bad 
effects of low power factor are felt both in the initial cost of 
electrical equipment and in the expense of operating the same. Thus 
low power factor results in— 

1. Relatively large and costly electrical apparatus—including 
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generators, line conductors, transformers and switchgear—the 
dimensions of which are governed by the kVA., rather than by the 
kW., output. 

2 . Reduced efficiency for the whole of the equipment owing to 
the copper losses for a given kW. load being inversely proportional 
to the square of the power factor. 

Although, as previously stated, synchronous phase modifiers are 
primarily installed for purposes of voltage control, and not for 
power factor improvement, it is interesting to see what effect they 
have on the latter. At times of light load the synchronous phase 
modifiers will be working under-excited, dragging a lagging current 
from the line, and thus lowering the power factor to some extent. 
At times of moderate or lieavy loads on the line the machines will 
be working over-excited, drawing a leading current from the line, 
and raising the power factor. Generally speaking, then, the opera¬ 
tion of synchronous phase modifiers has a beneficial influence on 
the power factor of the system, as at such times when a high 
power factor is most desirable the machines play the double role of 
voltage regulators and power factor correctors. 

101. Influence on Installation of Reactors.— In the event 
of a short-circuit occurring on a line, particularly near the generat¬ 
ing end, the heavy rush of current which takes place often causes 
serious damage to transformers and circuit-breakers. With the 
increase in size of generating stations it has become necessary to 
provide means for limiting these currents to a safe value, and so 
reactance coils are frequently installed on the low-tension side of 
the line transformers. Alternatively, the transformers may be 
designed with a high internal reactance so that they can safely 
withstand short-circuiting without extra help. Unfortunately, the 
use of reactors on a non-regulated line has the disadvantage of 
directly reducing the power rating, since the voltage variation which 
determines the power rating is thereby increased. On the other 
hand, with the constant-voltage system of operation a high terminal 
reactance can be employed, with consequent increase in the relia¬ 
bility of service. 

102 . Summary of Results. —Before summarising the results 
of the preceding discussion, it is necessary to consider two or three 
disadvantages which are introduced by the employment of synchron¬ 
ous phase modifiers for voltage control. First of all, there is always 
the possibility of synchronous machines falling out of step, and thus 
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producing large accidental variations of voltage since the line pres¬ 
sure is so dependent on these machines. Interruptions to supply 
may also be caused which are best avoided by installing no auxiliary 
apparatus which it is possible to do without. Another disadvantage 
of synchronous machines is that they tend to increase the current 
flowing into a short-circuit. It should be remembered, however, 
that the machines are usually a long distance from the generating 
station, and their influence on the short-circuit current is felt chiefly 
at the receiving end of the line. The most dangerous short-circuits 
on the system are those which occur close to the generating station, 
and the synchronous machinery at the other end of the line cannot 
increase these appreciably owing to the large intervening line 
reactance. 

It has been pointed out that the constant-voltage system allows 
of far more power being transmitted along an overhead line than 
could be dealt with satisfactorily by a non-regulated line. In other 
words, the number of lines for any given project must be reduced 
if the economies of the constant-voltage system are to be fully 
realised. Hence, in case of line trouble, the consequences are liable 
to be more serious with the constant-voltage system than with the 
non-regulated system. For instance, supposing that with the non- 
regulated system four sets of conductors are required to transmit a 
certain amount of power, then, with one set out of action, each of 
the other three would be overloaded by 33 With the constant- 
voltage system employing only two sets of conductors to transmit 
the same total load, on failure of one set of conductors the load on 
the other set would be liable to an increase of 100 °/^. There is a 
growing tendency, however, to interconnect transmission systems 
in districts where this is possible, thus providing an insurance 
against failure of supply. A large reserve of lines is not such a 
desideratum under these circumstances. 

The chief advantages and disadvantages of the constant-voltage 
system of transmission may thus be summarised as follows:— 

Advantaged. —1. Steady voltage maintained at both ends of 
line at all loads. 

2 . Increase of power that can be dealt with by one set of con¬ 
ductors thus permitting of considerable financial saving, particularly 
in long-distance heavy-power transmissions. 

3. Improvement of power factor at times of moderate and 
heavy loada 
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4. High terminal reactance can be employed, thus giving better 
protection. 

Disadvantages. —1. Possibility of synchronous phase modifiers 
dropping out of step, or causing interruption to supply. 

2 . Increase of short-circuit current of system. 

3. Lower reserve of lines in case of line trouble. 

When considering whether to install synchronous phase modifiers 
as an integral part of a transmission system it is necessary to con¬ 
sider the whole problem both from an economic and technical point 
of view, particularly with short or moderate distances of trans¬ 
mission. On the longest-distance transmissions now employed in 
various parts of the world the constant-voltage system of operation 
offei's such overwhelming advantages that it may now be considered 
standard practice. 

103. Calculation of Synchronous Phase Modifier Capacity. 

—A formula for calculating the synchronous phase modifier capacity 
necessary for the maintenance of constant voltage on a long line 
is easily derived from the relationship 

Es = E\A + IrB .(76) 

If is now the actual current at the receiving end of the line, and 
consists of the load current combined with the reactive current 
taken by the synchronous machinery. 

Lot If be split up into its two components, the in-phase, and 
Iq the quadrature, component respectively, so that 

Ir = Jp± }Iq. 

Iq is taken as positive when leading, and negative when lagging. 

Substituting in equation (76), and resolving into rectangular 
co-ordinates, gives 

E. = Er{A, + iJ,) + (7, + 

or Es^ ^{ErA, + IpB, - I,B.,y + (^ErA., + TpB,, +IqB^y. (124) 

Substituting — Ip, where P is the power delivered at 

the receiving end in kW. per phase {Er being the value to neutral), 
and solving for Iq this becomes 

- V©’- (' 

( 125 ) 
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The alternative solution for Iq obtained by employing the + 
sign in front of tlie radical should not be used, as it represents a 
condition of unstable operation. 

Having found Iq, the reactive kVA. at the receiving end of the 
line is then given by 

^ = l1)00 kVA. per phase. . . (126) 

Tlie kVA. required from the synchronous phase modifier is 
obtained by algebraically subtracting from Q the reactive kVA. of 
the load, the latter being 

Qj == - P tan (}>r kVA. per phase. . . (127) 

Hence the capacity of the synchronous machinery necessary for 
voltage regulation is 

Qpfn -Q - 

= kVA. per phase. . (128) 

It should be noted in connection with these formulae that Q and 
Qpm niay be either leading or lagging according to whether the sign 
is + or - . 

The following example will be taken to illustrate the method 
of calculation:— 

Problem 6.—The 300-milo line whose constants have been 
previously calculated is to be operated on the constant-voltage 
system, both the sending-end and receiving-end pressures being 
maintained constant at 154 000 volts. Determine the synchronous 
phase modifier capacity necessary when delivering a load of 50 000 
kVA. (42 500 kW. at 85 % power factor lagging). 

Referring to Art. 46 we have 

= 0* 869780, 

A., ^ 0- 035418, 

^ 47* 937, 

R, = 180* 786, 

and from the data of the problem 

Er = 88 912 volts to neutral, 

P ^ 

^ 3 

=» 14 166*7 kW. to neutral. 
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Hence 

= 395- 364, 
= 225 995, 

(1_W0P ^ ^ ^ 79 291-2, 

and /, = 395- 364 - J’2.2b 995 - 79 291-2 

= + 12* 345 amperes. 

The reactive kVA. at the receiving end of the lino is 
_ 12- e345 X 88 912 
^ 1 000 

= + 1 097*6 kVA. per phase (leading), 

and the reactive kVA. of the load is 

= 14 166*7 X tan 31*78° 

= - 8 779*7 kVA. per phase (lagging). 


Hence the capacity of synchronous phase modifier necessary is 

Qpm = 1 097*6 + 8 779*7 

= 9 877*3 kVA. per phase (leading); 

the total capacity for the three-phase system being 
^Qpm = 29 632 kVA. (leading). 

The electrical conditions when no load is being supplied is readily 
found by substituting P = 0 in formulae (125) and (128). 

The reactive current at the receiving end of the line is 

- V(§)' - 

= 395- 364 - J225 995 - 14 946 0 
= - 64 04 amperes, 


and the capacity of synchronous machinery necessary at times of 
zero load is therefore 

- 64 04 X 88 912 

t^pmo 

= - 5 693 9 kVA. per phase (lagging), 
or a total capacity for the three-phase system of 

^Qpmo = - 17 082 kVA. (lagging). 
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Thus a sjuichronous phase modifier rated at 30 000 kVA. and 
of standard design would be capable of dealing with both load, and 
no-load, conditions. 

Having obtained the actual current in the line at the receiving 
end /r = /p + jlqy the remaining electrical characteristics of the 
line may be calculated by applying the customary formulae. 

Thus 

Es — ErA + (Ip -h jIq)B 

= 88 912 /21* 472° volts to neutral, 

and 

Is == (Ip 4 * jIq')A + EfO 

= 193 01 /45‘ 066° amperes, 

and other numerical results obtained therefrom are 

</)s = 23* 594° leading, 
cos = 91*64 per cent. 
kWs = 15 726 kW. per phase. 

Loss = 1 559 kW. per phase. 

Efficiency = 90*09 per cent. 

104. Graphical Determination of Synchronous Phase 
Modifier Capacity. —The synchronous phase modifier capacity 
necessary for the voltage regulation of a long line can be con¬ 
veniently determined from the voltage and current vector diagrams 
of the line. These diagrams have been given previously, but it is 
now desirable to examine their properties in rather more detail. 
In the voltage diagram shown in Fig. 53, OR represents Ety the 
receiving-end voltage, which is taken as reference, and OP leading 
OR by a small angle is ErA, the sending-end voltage when the line 
is on open-circuit. When load is being supplied, the impedance 
consumed by the line will raise or lower the sending-end voltage 
according to the power factor of the load. This effect is shown 
by the vector PS which represents lyB, and the resultant sending- 
end voltage under load is thus OS. The position of the point S, 
which locates the sending-end voltage vector, depends on the 
character of the load. With a unity power factor load at the 
receiving end, the point S travels along PA. At any other con¬ 
stant power factor load, the locus of S is a straight line drawn from 
P leading or lagging behind PA by tlie angle If the amount 
of power delivered is kept constant while the power factor is varied, 
S travels along a line perpendicular to PA. With a constant kVA. 
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load, 8 moves along tlie arc of a circle drawn with P as centre. 
Finally, for the condition that the sending-end voltage must be 
kept constant as tlie load on the line varies, the point S must follow 
the arc of a circle drawn with 0 as centre and having a radius 
equal to the given sending-end voltage Es. 

The current diagram shown in Fig. 54 is similar to the voltage 
diagi'am in that it consists of two vectors, one of which is propor¬ 
tional to the receiving-end voltage, and one which is proportional 
to the receiving-end cui-rent. In the diagram, OR again represents 
En the receiving-end voltage, and OM drawn at an angle of just 
over 90 degrees to OR is EtC, the charging current at the sending 



end when the line is on open-circuit. As tlie line is loaded, a cur¬ 
rent MN representing lyA is added to the charging current, thus 
giving the sending-end current ON. F'or a unity power factor 
load, N travels along the line MA leading OR by a small angle. 
At any other power factor, the locus of N is a straight line drawn 
from M leading or lagging behind MA by the angle <^r. With 
constant power delivered and varying power factor, Amoves along 
a line perpendicular to MA. Similarly, the locus of N for a con¬ 
stant kVA. load will bo an arc of a circle drawn with M as centre. 

On comparing the two diagrams it is seen that the line PA in 
the voltage diagi*am and its associated system of lines being the 
loci of the sending-end voltage, is exactly similar to MA in the 
current diagram and its associated loci for the sending-end current* 
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Any point on the voltage diagrana sncVi as S represents a deftnlte 

amount of power delivered at the receiving* end of the line, and a 
corresponding point iV can always bo found on the current diagram 
which represents exactly the same load conditions. OS and ON 
are the sending-end voltage and current respectively for this par¬ 
ticular load. It is obvious that concentric arcs of circles may also 
be drawn on the cuiTent diagram as shown, giving the loci of Is 
for any given constant sending-end voltage Es. 



The use of these diagrams to solve Problem 6 graphically will 
now be explained. 

Choosing a scale of, say, 1 inch = 10 000 volts, OR and OP are 
drawn as previously described (Art. 47) to represent Er and ErA 
respectively (see Fig. 55). In order to get a kVA. scale take a 
load of 50 000 kVA. at the receiving end at unity power factor, 
Ir will then equal 187*5 /0° amperes per conductor, and 

IrB = 187*5 X 187*0 /75 15“ 

- 35 060 /75*15° volts. 
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From P draw the unity power factor line at an angle of 75 15® 
to ORy meaHuro up along it a di.staiico PQ — 3* 506 inches, and 
througli Q <lraw a line perpendicular to PA. This is the 50 000 
kW. line, and other lines can then bo drawn parallel to it to show 
the loci of the sending-end voltage corresponding to other loads. 
With 0 as centre draw an arc of radius equal to the scale value of 
the sending-end voltage which it is decided to maintain constant by 
means of synchronous phase modifiers. In the problem under con¬ 
sideration Es = Er. 

To find the conditions at the receiving end when a load of 
50 000 kVA. (42 500 kW. at 85 % power factor lagging) is being 
delivered, draw on the diagram the power line corresponding to 
42 500 kW., and also PB lagging behind PA by cos “ ^ 0 85 or 



Fia. 55.—Voltage and current solutions for various receiving-end conditions. 

31*79°. The point of intersection Sj of these two lines locates the 
end of the sending-end voltage vector for the non-rogulated line, 
which vector has a value of 106 000 volts. The sending:-end voltaire 
is actually maintained at 88 910 volts, and to reduce the voltage 
from 106 000 to 88 910 requires an amount of phase modifier 
capacity represented by the distance or 30 000 kVA. leading. 

Under zero-load conditions, to keep Es constant at 88 910 volts 
requires a phase modifier capacity represented by PS^ or 17 000 
kVA. lagging. 

The voltage diagram is all that is needed to determine the phase 
modifier capacity for any given load, but by drawing the cun-ent 
diagram the remaining characteristics of the line can be found. 
The current diagram is most conveniently drawn on the same slieet, 
and to the same scale, as the voltage diagram. Both IrB and IrA 
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are proportional to 4, so if the current scale is chosen so as to make 
IfB « If A, the same power scale will apply to both diagrams. 

For 50 000 kVA. at unity power factor 

IrA - 187*5 X 0* 8705 /2*33° 

= 163*2 /2*33° amperes, 

and for equality of power scale this current must be represented on 
the diagram by the same length which represents /rJ5, or 3* 506 
inches. Hence 

163*2 amperes = 3*506 inches, 

or the current scale is 1 inch = 46*55 amperes. 

Now from 0 draw OM at an angle of 90*72 degrees to represent 

ErG - 88 910 X 0* 001349 \ 90*7 2^ 

= 119'9 \90 72'' amperes, 

and from M draw the unity power factor line MA' at an angle of 
2*33 degrees to OR. The power scale can then be readily trans¬ 
ferred from the voltage diagram on to the current diagram by means 
of dividers. 

With centres M and and radii equal to PO and QO respec¬ 
tively, strike two arcs and the point of intersection will be the 
centre from which to draw the curve showing the locus of send- 
ing-end current for a constant sending-end voltage Es. The points 
Ni, and on the current diagram correspond to S-^y S^y and fifg 
on the voltage diagram. Thus ONi is the sending-end current 
when no phase modifiers are in use and is equal to 146 amperes. 
When the sending-end voltage is held constant at 88 910 volts, 
the sending-end current is OJV 2 = 193 amperes. 

The sending-end phase-angle is the angle S^ON^ = 23*5°, and 
the power factor 91*7 % leading. 

The total kVA. input to the line can now be calculated and 
therefrom the line losses and efficiency of transmission. 

105. The Power Circle Diagram. —This diagram may be de¬ 
fined as a graph showing the reactive power at one end of the line 
(usually the receiving end) for various loads transmitted, assuming 
definite sending- and receiving-end voltages. It thus forms a very 
convenient method of finding the requisite synchronous phase 
modifier capacity for all possible loads, and not for one particular 
load only. The circle diagram for a short line was described by 
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Philip,^ and later on was extended by Dwight ^ to take into account 
the effect of capacitance, that is a diagram for a long line. 

The data required for drawing the diagram in the latter case 
are obtained from equation (124) 

= (FrAj + IpB^ - + (ErA^ + TpB, + I,B{)\ 

which is the equation of a circle and can be reduced to the 
form 


[ip + ^ _ E, 


^,5, - _ j'^.y 


= 0. 
(129) 

In this equation voltages are measured to neutral, hence by 

ZEr 

multiplying throughout by ^ circle is obtained which is 


specially adapted to a tliree-pliase system as it shows the relation 
between the total reactive and active kVA. at the receiving end of 
the line. 

The co-ordinates of the centre of this circle are a and 6, and 
the radius is c where 


a = 

h = 


c = 


WrKA^B^ ^ A.R^ 
1 0005 *^ 

SEy(A,B, - A,B,) 
1 OOOB^ 

^ 1 0005 ^ 


kW., 

kVA., 


The receiving-end power circle diagram for the 300-mile line, 
assuming that the sending- and receiving-end line voltages are both 
held constant at 154 000 volts, is shown in Fig. 56. In this par¬ 
ticular case the numerical values of a, fc, and c are 

a = - 32 610 kW. 
fe = + 105 460 kVA. 
c = + 126 800 kVA 


Any point in the fourth quadrant of the diagram represents a 
definite load supplied at a definite power factor. To determine the 
kVA. required from the synchronous phase modifier at this load, 
the reactive kVA. of the load must be subtracted from the corre¬ 
sponding ordinate of the circle which represents the total kVA. in 
the line at the receiving end. As the reactive kVA. of the load is 
lagging, and thus negative, this operation is equivalent to arith- 
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metically adding the reactive kVA. of the load to the corresponding 
kVA. of the circle diagram. 

Thus, supposing that the load although varying in magnitude 
has a constant power factor of 85 7o ft straight line can be 

drawn at an angle cos ” ^ 0*85 below the base line. By means of 



K.W. OF LOAD 

Fig. 66.—Receiving-end power circle di?Lgram for constant-voltage trans¬ 
mission line. 

a pair of dividers the reactive kVA. of the load can then be added 
to the corresponding ordinate of the circle, thus plotting the curve 
of kVA. required from the synchronous phase modiher ; this latter 
curve being an ellipse. 

It will be noted that there is a theoretical limit to the amount 
of load in kilowatts that can be transmitted, which is easily read 
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from the diagram as it is the farthest distance to the right reached 
by the circle. The maximum possible load is thus 

-Pmax ~ ^ 

which is numerically less than c since a is negative. 

The phase modifier capacity required for transmitting the load 
of 42 500 kW. at 85 power factor is indicated in the diagram by 
the intersection of the dotted line with the phase modifier curve, 
and agrees with the results of previous calculations. The maximum 
amount of power that can be transmitted by the line at the voltages 
under consideration is 

Pmax = 126 800 - 32 610 
= 94 190 kW. 


It will be noticed that there is a very rapid increase in the 
amount of phase modifier capacity required when loads in the 
neighbourhood of the theoretical maximum are reached. 

In making the calculations for a long transmission line it is 
often desirable to include the effect of the raising and lowering 
transformers, and methods of accomplishing this have been de¬ 
scribed by Dwight ^ and Evans and Sels,^ 

io6. Determination of Synchronous Phase Modifier 
Capacity in Case of Short Line.—Hitherto the determination 
of synchronous phase modifier capacity has been discussed in 
relation to long transmission lines, as this is the more important 
case occurring in practice. It is interesting, however, to note the 
modification of the preceding formulae when applied to the case of 
short lines. 

In the case of a line where capacitance effects may be ignored 
the fundamental equation corresponding to (124) is 


= (Er + /pE - IgXy + (/pX 4 - 

from which 

. ErX 17E^ “ 7ro66F~~~WR\^ 

Z-r y\z) \ ~ Er Zw ’ 


(130) 

(131) 


where the current is leading when positive and lagging when 
negative. 

The capacity of synchronous phase modifiers necessary for voltage 
regulation can then be obtained as before, 

E I 

Qpm -= + P tan <\)r kVA. per phase. . (132) 



VOLTAGE CONTROL BY BHASB MOUlTflBRS 119 


Also by writing equation (ISO) in the form 


( 


/,+ 




- 0 


it is readily seen that, in the case of a short line, the co-ordinates of 
the centre of the circle are 

^Er^R 

“ ■ 1 ooojs:''’ 


1 0002 = 


the radius of tlio circle being 

c == 


ZErE, 

1 0002 ' 


107. Choice of Sending-end Voltage. —Altliough in the 
constant-voltage system of operation botli the sending-ond and 
receiving-end voltages are maintained constant, it is not essential 
that they should be equal. Frequently it happens that a less 
synchronous phase modifier capacity is needed by operating with 
Es higher than Er. This can readily be seen from the following 
considerations. The minimum phase modifier capacity for any given 
transmission scheme is obtained when the lagging current taken by 
the machines with the line open-circuited at the receiving end, is 
equal to the leading current taken when the line is carrying full 
inductive load. Now a lagging current in the line at zero load pi*o- 
ducos a direct loss of pressure, that is, re(|uires a higher sending-, 
than receiving-end, pressure. Hence in the case of a short line, 
should be chosen higher than Er. As the length of line increases, 
the lagging current taken by the synchronous phase modifier at zero 
load is more and more neutralised by the leading charging curi’ent 
of the line. Hence for minimum pfiase modifier capacity, Es 
approaches nearer and nearer to Er, and in the case of very long 
high-voltage lines the two terminal voltages may be practically 
equal. The circle diagram has the valuable characteristic that, with 
an alteration of Es, the only diagram constant which is affected is 
the radius of the circle, which varies directly with Es. Hence con¬ 
centric circles can be drawn with practically no additional trouble 
to show the results for different values of the sending-end voltage. 
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CHAPTER IX. 

UNDERGROUND CABLES—TYPES AND ELECTRICAL 
CHARACTERISTICS. 

108. Introductory. —The chief use of underground electric 
cables for many years was in connection with urban distributing 
systems at low or comparatively moderate pressures. Recent im¬ 
provements in design and manufacture, however, have led to the 
development of cables suitable for use at the highest voltages 
associated with modern transmission systems, and underground 
lines are now often employed for the straight transmission of 
power for short or moderate distances, or for sections of overhead 
lines in built-up areas. In this and the following chapter only 
liigh-voltage cables suitable for transmitting energy in bulk will 
be primarily considered, although much of the discussion is also 
applicable to all classes of cable. 

Compared with overhead systems, cables have the following 
advantages:— 

1. Greater freedom from interruption of service and damage due 
to thunderstorms, severe weather conditions, or extraneous inter¬ 
ference. On overhead lines short-circuits and earths due to flash- 
over, breaking of conductors or insulators, objects falling across 
the wires, or other causes have always to be reckoned with. 

2. Removal of liability of accident to public. 

3. Avoidance of unsightly appearance of line supports and 
overhead conductors in the neighbourhood of cities. 

4. Freedom from way-leave troubles, the cable route usually 
following the roadways. 

The above considerations often result in the installation of 
underground lines in populous districts, despite the fact that the 
first cost is much higher than that of an overhead line. 

109. Materials. —Notwithstanding the many different tj^^es of 
cable in use for liigh-voltage power transmission they all consist 
essentially of a copper conductor or conductors, insulated with 
impregnated paper, and provided with an overall lead sheath. The 
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adoption of impregnated paper as an insulating medium results in 
a cable of superior durability, high dielectric strength, low capaci¬ 
tance and dielectric power factor, and low cost. 

Copper .—The bulk of the copper used for electrical conductors 
is electrolytically refined in order to obtain a high degree of purity, 
and the actual copper content of the product is of the order of 
99*95 °/^. Extremely small quantities of impurities lower the elec¬ 
trical resistance very greatly, but with care there is no difficulty in 
obtaining commercial copper of a minimum conductivity of 100 7o- 

Stranded conductors are, of course, always employed for cables, 
and the degree of stranding is higher than that used for overhead 
conductors in order to provide the greater degree of flexibility 
required. 

Insulating Materials .—For many years paper for cable in¬ 
sulation was made from manilla fibre, but wood-pulp paper is now 
in more general use. The physical characteristics, such as tensile 
strength, elasticity, porosity, and ability to absorb liquids, are of 
extreme importance in determining the choice of a suitable quality 
of paper. 

Since the paper is applied in layers to secure flexibility, it must 
have good mechanical strengtli and elasticity to permit the core 
being wrapped without undue breakage of paper, and to facilitate 
the cable being bent in service without tearing the paper tapes. 

Paper itself is a hygroscopic, fibrous material, and requires 
treating with an oily compound to render it fit for use in under¬ 
ground cables. High oil absorption and porosity are therefore 
essential for the efficient impregnation of paper cores of consider¬ 
able thickness.^ 

The compound normally used for impregnation purposes is a 
heavy-grade mineral oil mixed with resin, the actual proportions of 
oil and resin depending on the particular manufacturer. The chief 
non-electrical properties to be considered in choosing a compound 
are its lubricating properties, viscosity, chemical stability, and 
freedom from acids. 

Good lubricating properties and a low set point are necessary so 
as to facilitate the layers of paper sliding over one another without 
tearing when the cable is being installed. 

The viscosity of the compound used in cables manufactured by 
the normal process, and in particular the variation of viscosity with 
temperature are also of extreme importance. The viscosity of the 
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compound must be suflSciently low at the impregnating temperature 
to permit thorough impregnation of the paper, but on the other 
hand it must be sufficiently high at normal working temperature 
to prevent drainage from one part of the cable to another after 
installation. The higher the resin content of the compound the 
greater the viscosity at a given temperature. 

A low coefficient of thermal expansion is also a desirable 
characteristic, but unfortunately there is little scope for regulation 
of this feature among the otherwise suitable materials available. 

From an electrical point of view the compound should have 
high values of resistivity and dielectric strength; thus there must 
be an entire absence of absorbed moisture. A low power factor is 
also desirable in order to keep down the dielectric losses in the 
cable, and here again the resin content plays an important part in 
fixing the magnitude of these losses and their variation over the 
working temperature range.^ 

As regards dielectric strength, the 50-cycle breakdown stress 
of dry paper, which is 60 to 80 kV. per cm. when tested in 
fairly thin layers, is raised by impregnation to a value of 500 
to 600 kV. per cm. These are momentary or short-time values, 
the dielectric strength depending to a great extent on the length of 
time during which voltage is applied before breakdown takes place. 
Further consideration, however, will be given at a later stage in 
this chapter to the electrical phenomena occurring in impregnated 
paper when forming the insulation of a cable and subject to 
actual service conditions. 

Lead .—The lead sheathing applied over the insulating material 
has the two-fold purpose of preventing access of moisture to the 
paper and forming a mechanical protection against handling. 
Ductility and durability are essential features of the sheathing, 
and to secure this all impurities in the metal must be eliminated. 
A minimum standard of 99 9 purity is usually specified, and 
cable manufacturers have no difficulty in working to this standard. 

Although extremely ductile, pure lead is liable to fail by crack¬ 
ing when exposed to mechanical vibration such as may occiu* on 
bridge crossings, near railway tracks, or in submarine cables sub¬ 
jected to tide action. In these circumstances, binary and ternary 
lead alloys which have a considerably higher tensile strength than 
pure lead, particularly under alternating stress, are now often used. 
The fatigue limit for pure lead, for example, is of the order of 
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± 0T8 ton per sq. in. for 10 million reversals, but the addition of 
0*85 7o antimony raises this to ± 0 60 ton, whilst the addition of 
0*5 7o antimony and 0 25 7o cadmium increases the fatigue limit 
to about ± 0*74 ton per sq. in. The ductile properties of these 
alloys are inferior to pure lead, but not sufficiently so as to prevent 
extrusion in the normal manner. 

The composition of four anti-vibration alloys and chemical 
methods of testing lead and lead-alloy sheaths have been standard¬ 
ised by the British Standards Institution.^ 

no. Types and Manufacture. —There are two chief types of 
cable used for power transmission at high voltages, viz. single-core 
and three-core. The former type has the advantage of simplicity 
of construction, consisting essentially of a stranded copper con¬ 
ductor, a belt of impregnated paper insulation and an overall lead 
sheath. Plain lead-covered cables are often used for work inside 
generating stations, etc., but when buried direct in the ground 
the sheath is generally protected by a serving of hessian tapes or 
jute soaked in a preservative compound of a bituminous nature. 

In three-core cables the three separate conductors are placed 
inside one lead sheath. The great advantage is thereby obtained 
that steel armouring may be used to protect the cable, whereas 
with single-core cables carrying alternating currents the armouring 
would usually cause excessive voltage drop and power losses. 

The manufacture of a three-core cable is briefly as follows:— 

Each of the conductors is built up on a stranding machine, and 
is then passed through a paper-lapping machine where the paper 
in the form of tapes, 3-6 mils, thick, is wrapped on spirally to the 
required thickness. Each layer of paper is laid so as to break 
joint with the layer beneath, and the width of the tapes must not 
be excessive or the flexibility of the cable will be impaired. The 
three cores are then laid spirally together, the interstices between 
them being packed with paper or jute fillers so that a truly circular 
shape is produced, and round this is wrapped other layers of paper 
to form what is known as the belt insulation. In another type of 
cable the belt insulation is omitted, each core being wrapped with 
a thin metallic screen, and after laying up in the usual manner a 
thin copper-reinforced cotton tape is applied overall to hold the 
cores together during succeeding processes. 

The reel containing the technically wet paper cable is then 
transferred to the impregnating plant and heated in steam vessels 
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at a temperature well over 100° C., first in air and later in a high 
vacuum, till the last traces of moisture have been extracted. 
Impregnating oil is now allowed to flow into the tank and a 
pressure of the order of 50 lbs. per sq. in. maintained for a con¬ 
siderable period. Subsequently the temperature is allowed to 
drop down to 65° C. before removing the reel from the tank in 
order to prevent the formation of cavities in the insulation. The 
whole period of drying, impregnation, and cooling occupies from 
one to three weeks, according to the voltage of the cable and con¬ 
sequent thickness of insulation involved. 

After impregnation is complete, the cable is sheathed by being 
passed through the lead press which extrudes round it a closely- 
fitting lead tube, the latter whilst still hot and unoxidised being 
then usually treated to a bath of hot bituminous compound. 

In the case of armoured cables, the armouring (which may be 
a layer of galvanised steel wires or two layers of steel tape laid so 
as to break joint) is then applied either direct on the lead or over 
a bedding of compounded hessian tapes or tarred jute yarn, the cable 
being then finished off* with an overall serving of similar material. 
The armouring and textile materials are applied in one operation, 
and prior to the application of each layer the cable is passed through 
a bath of hot bituminous compound which helps to form an efficient 
protection to the sheath and armour against the action of water 
and chemical acids in the soil. For work inside stations or for 
cables to be drawn into ducts, bare armouring is often employed, 
any coverings of tape or yarn being placed between sheath and 
armour. 

Sector, or oval-shaped, conductors are usually employed in 
three-core cables, as this design permits of a smaller overall 
diameter for a given voltage rating, and so leads to a saving in 
cost and weight. The reduction in overall diameter is a function 
of conductor size, but owing to non-standardisation of cross- 
section its value varies to a certain extent with cables of different 
manufacture. 

These special cross-sections of conductor are usually obtained 
by rolling or hammering a circular stranded conductor to the 
desired shape, and special care has to be taken to avoid sharp 
edges which might give rise to excessive local electrostatic stresses. 
Occasionally, special stranding round a central flat, or triangular, 
core of wires is employed. The use of any special shape necessitates 
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a continuous twist in the conductor as it is laid up, owing to the 
fact that it must occupy a geometrically similar relation to the 
cable axis at all points along the cable. A recent improvement 
imparts this twist to the conductor in the stranding machine 
immedia'tely after shaping, so that the core papers are not dis¬ 
torted or creased during the process of laying up, and all internal 
mechanical stresses are removed from the cable. 

The method of impregnation described above is the one generally 
used in this country, but the prior-impregnation process developed 
by Beaver is also of importance. In this process the paper is 
impregnated in sheet form before cutting into tapes, thus secur¬ 
ing absolute uniformity in the treatment of the dielectric, and per¬ 
mitting the use of a compound which is of high viscosity at the 
maximum working temperature of the cable. Due to this feature 
and the use of non-fibrous fillers, long vertical runs of cable are 
possible, which is not the case with cables impregnated by the 
normal method owing to compound migration, and the develop¬ 
ment of excessive hydrostatic pressure at the lower end of the run. 
A notable example is an installation of 22 000-volt, three-core 
cables at the Crown Mines, South Africa, the total vertical run in 
this case being 4 740 ft.'* 

Dimensions and voltage tests for paper-insulated cables up to 
and including pressures of 22 000 volts have now been standardised 
by the British Standards Institution.® 

III. Capacitance and Insulation Resistance of Single¬ 
core Cables. —In the transmission of power by single-core, lead- 

sheathed cables the three cables forming a 
three-phase system are laid close together 
in the ground or in multi-way ducts, the 
lead sheaths being bonded together and 
earthed at one or more points. The three 
sheaths are thus maintained at zero 
potential, and in determining the capaci¬ 
tance of a conductor it is only necessary 
to consider the dielectric field existing 
between the conductor and sheath. Let 
Fig. 57 represent a section of a single¬ 
core cable having a conductor radius of 
r centimetres, and an interna) sheath radius of JR centimetres. 
If a charge of g units per centimetre length is given to the 



Pig. 57, — Capacitance and 
insulation resistance of a 
single-core cable. 
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conductor, lines of dielectric flux pass out radially, and produce 
at a distance x centimetres from the axis of the cable a flux 
density of 


D = 


27rx 




X 


lines per square centimetre. 


If the permittivity of the insulating material is e, the electro¬ 
static force at the point is 

^ = e = 2 

and the potential difference between tlie conductor and sheath is 

f «27 dx 

= ^ er}?s. . . . (134) 


The capacitance per centimetre length of the cable is 


r - ^ ^ 

E 2q , R 
log, 

6 ^ r 


2 log. 


R 


electrostatic units, 


or expressed in terms of practical units, 

6 X 2*54 X 12 X 5 280 


6 " 


2 x 2- 303 log,„ 9 X 10’* 

0- 0388e - , , 

- ' p microiarads per mile. 

lop:,o - 


(135) 


Considering again a 1 centimetre length of cable, the insula¬ 
tion resistance of a thin layer at a radial distance x centimetres 
from the cable axis is 


dR = 


pdx 

271 ^’ 


where dx is the thickness of the layer, and p its volume resistivity. 
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Hence the insulation resistance per centimetre length of cable is 


R - 


p (^doc 

27rjr 


X 


lo« 

27r ^ 


R 

r’ 


or expressed in mile units, 


R 


R = 2‘28p logio X 10“^^ rnegohins per mile. (136) 


Average values of e and p for impregnated paper insulation are 
€ = 3*3 to 3-8, 
p = 5 “ 8 X ohms, 

these figures being taken at about IS"* C. 

Temperature has a comparatively small effect on the permittivity 
of impregnated paper, but the resistivity decj’eases rapidly witli 
increase of temperature. This variation in resistivity may be 
represented closely by the expression 

pt == p^e - 

where the coefficient a has a value of about 0 04 or 0 05. 

II2. Sheath Phenomena in Single-core Cables. —In the 
case of power transmission by single-core cables, the presence of a 
separate lead sheath around each conductor has a considerable 
influence on the electrical characteristics of the circuit. In such 
a system of cables the electromagnetic fields of currents flowing 
through the conductors induce e.m.fs. in the sheaths, and under 
certain conditions heavy currents may be set up therein. The 
actual current flowing along the sheath depends, amongst other 
things, on the magnitude and frequency of the current in the 
conductor, the arrangement and spacing of the cables, the sheath 
resistance, and whether the sheaths are bonded or unbonded. 

Following the classification of Cramp and Calderwood,® the 
induced sheath currents may be divided into two kinds :— 

1. Currents whose outward and return paths lie entirely in the 
sheath of one cable (sheath eddies). 

2. Currents whose outward and return paths are formed by 
the sheaths of separate cables (sheath-circuit eddies). 

If the lead sheaths of the cables are open-circuited, either by 
being entirely insulated from each other or by being interconnected 
only at one end of the run, then the sheath-circuit eddies cannot 
exist. The sheath edlies jji*e able to circulate, and in 
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addition voltages are induced in the sheaths. If the sheaths are 
short-circuited by bonding together at each end of the run, these 
bonds are in effect a short-circuit of the sheath e.m.f8. In this 
case, both sheath eddies and sheath-circuit eddies are able to flow. 

In order to fix ideas consider in what follows that the three 
cables forming a three-phase circuit are arranged symmetrically in 
triangular formation, that is with each cable occupying the edge 
of an equilateral prism. 

Lead Sheaths Open-circuited at One or Both Ends .—In this 
case the only currents which can flow in the sheaths are sheath 
eddies which are produced by the proximity of the return con¬ 
ductors, i.e. the current in the sheath of any one cable is induced 
by the electro-magnetic fields of the currents flowing in the 
conductors of the other two. For example, the sheath of cable 
A is cut by the resultant of the magnetic fluxes due to the 
conductor currents of cables B and C, and since the intensity of 
this flux varies over the cross-section of the sheath there is a 
similar variation in the induced e.m.f. Hence, equalising currents 
are set up which pass along one side of the sheath and return 
along the other, the integral of these sheath currents over the 
cross-section of the sheath being zero. The magnitude of the 
sheath eddies and the power loss due to them is greatest when 
the sheaths are close together, as in this case there is the greatest 
variation in the flux density over the cross-section of the sheaths. 
As the interaxial spacing of the cables is increased, the magnitude 
of the effect rapidly diminishes. 

The following formula given by Arnold ^ enables the sheath 
losses to be estimated fairly closely :— 

Sheath losses = x watts per phase, (137) 

for the particular length of run to which i?, applies. 

Also the ratio 

Sheath losses ^ 

Conductor losses RR^ \ d ) ’ • v J 

where I = current per conductor, 

= 27 r X frequency, 

R = conductor resistance in ohms, 

R^ -- sheath resistance in ohms, 
d = interaxial spacing 
and R^ = mean radius of sheath 


I in same units. 
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At a frequency of 50-cycles, 78®* x 10“® = 0‘0077, so that for 
this particular case 

. 0 0077P/Rm\*.. 


Sheath losses = 


I, \d) 


watts per phase, (139) 


Sheath losses _ O' 0077 /R. 
Conductor losses RR, \ d 


F(x)‘ • • <>«> 


Under the worst circumstances, i.e. with the sheaths in 
contact, the power loss in open-circuited sheaths is quite small 
and can generally be neglected. For example, with a three-phase 
system of 66 000-volt, 0*40 sq. in. cables the open-circuited sheath 
loss will not be greater than 2 per cent, of the conductor loss. 

More important in practice than the phenomenon described 
above is the voltage induced in the open-circuited sheaths by 
transformer action between the conductors and sheaths. The 
value of this induced voltage depends on the flux interlinked with 
the sheaths, and so increases as the interaxial spacing of the cables 
is increased. 


Numerically, the voltage induced in each sheath 


esA . . . (141) 


where / = current per conductor, 

and Xfn = (oM = mutual reactance between conductor 

and sheath. 


The value of My the mutual inductance between conductor and 
sheath, can be determined with sufficient accuracy by an analogous 
method to that used for calculating the self-inductance of the con¬ 
ductor, except that instead of integrating the flux between the 
limits d and r (whore d is the interaxial spacing and r the con¬ 
ductor radius—Art. 13), it is integrated between d and J2^, where 
is the mean radius of the sheath. From analogy, therefore, 
with formula (9), the mutual inductance between any one conductor 
and sheath can be written down as 


d 

Mo ^ 0*741 logio ^ millihenries per mile. . (142) 

For tlie particular case of cables laid touching each other the 

value of p- varies within comparatively narrow limits, so that the 

induced voltage per mile of cable is approximately constant, and as 
a rough guide may be taken as about 9 volts per mile for 100 
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amperes current in the conductor. This is, of cpurse, the voltage 
to neutral, the voltage between sheaths being ^3 times this value 
or about 15 volts per mile. It will be seen, therefore, that in the 
case of a long run of cable, and particularly when heavy currents 
are being transmitted, the normal voltage existing between sheaths 
may reach dangerously high values. Furtliermore, in case of short- 
circuit occurring on some part of the system when the current 
flowing may be of the order of fifty times its normal value, arcing 
may be caused between sheaths resulting in serious damage. 

Lead Sheaths Short-circuited at Each End .—It is usually 
considered the best practice to suppress the induced sheath vol¬ 
tages by bonding the sheaths together at each end of the run, and 
accept the extra power losses due to the sheath-circuit eddies 
which are now able to flow. Unlike the sheath eddy losses, these 
losses decrease as the cable spacing is decreased, so they can usually 
be kept to a reasonable magnitude by laying the cables as close to 
one another as possible. 

The reactance of the sheath circuit is numerically equal for all 
practical purposes to the mutual reactance between conductor 
and sheath, so that the sheath-circuit impedance is V+ X^^, and 
the actual sheath current flowing with short-circuited sheaths is 

^ V~Rs-~+~Xl- • • • 

Both the numerator and denominator of this formula are pro¬ 
portional to the length of the run, so that cross-bonding at jointing 
positions, or the practice of running plain lead sheathed cables 
together in metallic cleats, does not sensibly affect the value of the 
sheath current. 

It should be noticed that the sheath eddy current is super¬ 
imposed on the sheath-circuit eddy current 7,^, so that the actual 
current flowing in the sheath when short-circuited is not uni¬ 
formly distributed around the sheath circumference. The effect is 
to increase the current density in those parts of the sheaths which 
are nearest together, but the un-uniformity is small and the con¬ 
sequent alteration in the sheath losses can be ignored. 

From an electrical point of view the effect of currents in the 
sheath can be most conveniently treated mathematically by assum¬ 
ing that there is an additional increase in the conductor resistance 
of such a value that when multiplied by the square of the current 
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lowing through fche conductor the losses in the sheath are obtained 
The reactance of the conductor, on the other hand, is decreased, but 
the change is not so important as that in the conductor resistance. 

To determine the magnitude of the effect, reference should be 
made to Fig. 58 which represents diagram mat ically a transmission 
circuit composed of single-core cables. The arrangement is equiv¬ 
alent to a 1/1 ratio current transformer with zero reactance in 
the secondary, this secondary being formed by the lead sheath of 
resistance Rs. The primary of the transformer has the same re¬ 
sistance R as the conductor, and the leakage reactance Xc is due to 
the flux between the lead sheath and the conductor and is there¬ 
fore quite small. The primary admittance of tins equivalent trans¬ 
former is ^ , where Xm is the mutual reactance between conductor 
and sheath. 

Zc-R+jXc Zs=Rs 


ZrR.-*-Jx. 


Fig. 68.—Single-core, lead-covered cable represented as an inductive circuit. 

Let Es = impressed voltage from conductor to neutral, 

= Ri + jX^ = impedance of load. 

The joint admittance of the two parallel circuits of impedance 

— 9 1 

Xm and Rg respectively is ^, 

and the corresponding impedance 

- J f 

Xm Rs 

— jRs + Xfn 

^ XmRsiXtn + jRs) 

Rf+X!, 
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The total line impedance 

Zta = Zc + 

XmRs(_Xtn + jRs') 


R 4- jXc + 
XlRs 


R,^ + 


Rs^ + X; 


r). . (144) 


wfk * 

Hence, with short-circuited sheath, the resistance of the 
conductor is increased from R to the effective value 

R.,-R+ ■ ■ ■ (145) 

+ Am 

That is to say, this value of resistance, when multiplied by the 
square of the current flowing in the conductor, gives the total 
power loss per phase in both the conductor and the sheath. 

The losses in the sheath itself are 

- Y 2 watts per phase, . . (146) 

for the particular length of run for which the values of Rg and Xm 
apply, and the ratio 

Sheath losses _ 

Conductor losses + X^) 

Also, due to the mutual inductive effect of the sheath, the 
conductor reactance is somewhat decreased. For with open- 
circuited sheath Rg — oo, and the reactance has its normal value 

X = Xc + Xm^ , . . . (148) 

whereas with short-circuited sheath the effective value is 

Y F XmRs^ 

and substituting for Xg from (148) gives 

\r 'ir fn 

^ +^. 

To illustrate the influence of the sheath, the effective resist¬ 
ance and inductance, and also the sheath losses, have been calcu¬ 
lated for a system of 66 000-volt, 0*40 sq. in., single-core cables 
laid in triangular formation at various spacings. The results, both 
with open-circuited and short-circuited sheaths, are shown in 
Table 12. 

Taking the normal full-load current of these cables as 350 


(149) 


(150) 



Table 12. —Sheath Losses and Effective Resistance and Reactance per Mile of 0 40 sq. in., 

Sinqle-core Cable. 


194 


ELECTRIC POWER TRANSMISSION 






0-116 „ I 0-584 „ , 139-0 „ 0-303 „ 0-440 
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amperes, the induced voltage to neutral with open-circuited sheaths 
would be 30-8 volts per mile when the cables are touching each 
other. The sheath current for the case of short-circuited sheaths 
would be 57 amperes, corresponding to an increased power loss of 
12 7o- wider spacings all these figures are much increased. 

With cables having large conductor sections the power losses 
in short-circuited sheaths assume serious proportions. At normal 
supply frequencies and with cables laid fairly close together as in 
practice, is small compared with Hence, from (147) 


Sheath losses 
Conductor losses 


X ^ 

(approximately). 


(151) 


Now as the conductor section increases in size, both R and Rs 
decrease, whilst X^ remains sensibly constant. Hence, the ratio 
of sheath losses to conductor losses increases rapidly, the condition 
being eventually reached where the sheath losses are actually 
greater than the conductor losses. For example, the sheath losses 
on a system of 66 000-volt, single-core cables spaced at 6-in. centres 
are greater than the losses in the conductors for all sizes of 
conductor above 0*85 sq. ia 

The problem of heavy sheath losses has not arisen to any 
serious extent in this country, as conductor sections are usually of 
moderate size, and cables are laid closely together in the ground. 
In America, however, where large conductor sections and wider 
spacings are employed, due to the installation of cables in ducts, 
the combined influence of these factors and the higher supply 
frequency has resulted in the development of special methods of 
cross-bonding at each jointing position. These methods eliminate 
the sheath currents, and limit the induced voltage in the sheaths to 
a value equal to, or in some cases rather less than, that corresponding 
to the length of cable between joints. At the same time they do 
not prevent the return of fault current along the sheaths which 
would be the case if the sheaths were simply left open-circuited at 
each joint.® 

So far the cables have been assumed to be arranged symmetri¬ 
cally, but in practice the three cables forming a three-phase 
system may be arranged in the same plane. In this case, there is 
a great difference between the sheath losses of the middle and each 
of the outer cables, the ratio when the cables are laid close together 
being about 1 to 4. Furthermore, there is a transfer of power 
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from one phase to another, which results in an unbalancing of the 
impedance drop in the system. Transposition of the cables is 
highly desirable, and if this is carried out at each jointing position 
—the sheaths being cross-bonded only at every third joint—equalisa¬ 
tion of the sheath currents is effected, and the losses in each cable 
sheath can be calculated as if the three cables were equidistant at 
the geometric mean spacing, 1 *26 d. 

It should be noted that although the impedance out-of-balance 
is eliminated with the flat transposed arrangement of cables the 
total sheath losses will be higher, being in the case of close spacing 
about twice the sheath losses for the symmetrical arrangement. 
The symmetrical, triangular arrangement of cables with trans¬ 
position is thus to be preferred wherever possible, and this is also 
the best arrangement for reducing to a minimum the inductive 
interference with neighbouring pilot or telephone cables.® 

113. Electrostatic Stresses in Single-core Cables. —A 
single-core cable can be represented as in Fig. 57 by concentric 
cylinders, the radius r of the inner cylinder corresponding to the 
conductor radius, and the internal radius R of the outer cylinder 
corresponding to the internal radius of the lead sheath. Assume 
that the potential of the inner cylinder is E, and that of the outer 
one is zero. Then the electrostatic force or potential gradient is 
radial in direction, and at radius x is 


and from (134) 


2q 

ex 


2 log, 


(133) 


R 


Hence the potential gradient or electrostatic stress at radius x is 
9 = ji- ... (152> 

X loge ' 

r 

It has its maximum value at tlie surface of the inner cylinder 

i/max = . . . (153) 


r log« 


and its minimum value at the surface of the outer cylinder 

__ E 

ffmin — 


It log. 


If 


(154) 
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80 that 


It should be noticed that formula (153) for the stress at the 
conductor surface is obtained on the assumption of a smooth 
cylindrical conductor, and thus only supplies a nominal value for 
this stress. With the ordinary stranded conductors in common 
use the stresses near the conductor are increased due to the greater 
curvature of the surface of the individual wires. Deutsch has 
obtained a stress formula for stranded conductors, which appears 
to be in substantial agreement with figures given by Atkinson 
and other investigators, showing that the efiect of stranding in 
a typical case is to increase the maximum stress on the dielectric 
by about 20 

For a given voltage and overall diameter of single-core cable 
there is one particular radius of conductor which produces the 
least stress at the conductor surface. A small conductor will 
allow of a greater thickness of insulation, but on the other hand, 
the smaller radius of curvature tends to increase the stress ; while 
the effect of too large a radius of conductor is to cause an increase 
of the stress through reduction of the total thickness of insulation. 
The stress at the conductor surface is 


and if E and R are constant this stress has a minimum value 
when 

f = 1.(15C) 

or R = 2‘ 718r. 

in which case the insulation thickness 


7^ - r = 1- 718r. 

Hence the actual stress at the conductor surfa 


.9max 


• ( 157 ) 


For high-voltage cable the value of r determined by the above 
method would, in general, give a conductor of cims-section much 
larger than required from the point of view of current-carrying 
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capacity. In such a case aJuminium might be used instead of 
copper as a conductor material, or if this does not bring the con¬ 
ductor radius up to the required limit, the conductor may be built 
up of copper wires stranded round a hemp centre. 

A cable conductor constructed on the latter principle and in 
actual use on a 86 kV., three-phase circuit of single-core cables is 

shown in Fig. 59. The conductor is 
of jute, 075 in. diameter, wrapped 
with four layers of paper and sur¬ 
rounded by 41 copper wires, the total 
cross-sectional area of conductor being 
0*132 sq. in. The tubular conductor 
is wrapped with a thin copper tape, 
the whole assembly being then im¬ 
pregnated with compound and covered 
with a lead sheath 0*06 ia thick, 
bringing the overall diameter up to 
1*04 in. The dielectric thickness of 
the cable is 0*95 ia and the corre¬ 
sponding maximum stress 34 kV. per 
cm. If an ordinary conductor had been used and the same thick¬ 
ness of dielectric, the nominal maximum stress would have been 
48 kV. per cm. This special construction of conductor has the 
further advantage of presenting a smooth cylindrical surface to 
the dielectric instead of the corrugated s.irface of the stranded 
conductor. 

In orenei-al, however, the theoretical relation between H and r 
for miniirium stress is seldom observed in tlie design of high-voltage 
cable. Other factors besides stress values have to be taken into 
consideration, and it is customary to employ the same thickness of 
insulation for all sizes of conductor, the actual thickness of course 
depending on the oj)erating voltage Furthermore, is sensibly 
R 

constant at values of — between 2 and 4, the stress variation in this 
r 

range being only about 6 %. 

114. Grading of Cables for Alternating Pressures. —It has 

been shown above that the electrostatic stress in a single-core cable 
decreases towards the sheath, its value at a distance x from the 
axis being 2 q 

ex' 



Fig. 69.—Special conductor con¬ 
struction for high-voltage, 
single-core cable. 


9 


(133) 
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In a cable of homogeneous insulation, the volt^e which may 
be safely applied is limited by the stress at the inner conductor, 
and if the dielectric is strong enough at this point it is too strong 
and needlessly expensive further away. If, however, by some 
means the stress can be so distributed that its value in the outer 
layers of the dielectric is increased without increasing the stress 
near the conductor, a less thickness of insulation will be required 
for any given operating voltage, and an important economy effected. 
This result may be achieved in practice by grading the cable in 
one of two ways :— 

1. By forming the dielectric in layers of insulating material 
having different values of permittivity. 

2. By using the same material for all layers, but inserting one 
or more metallic intersheaths in the dielectric concentric with the 
conductor. These intersheaths are not intended to carry any part 
of the working current but only to fix the potentials at different 
points in the insulation. 

These methods are known as ‘capacitance* grading, and 
* intersheath ’ grading respectively. 

Capacitance Orading .—It will be seen from an examination 
of formula (133), that if it were possible to vary the insulation of 
a cable so that its permittivity at every point was inversely pro¬ 
portional to the distance from the axis, the stress in the dielectric 
would be absolutely constant. This is the principle of the graded 
cable, first suggested by O’Gorman.^^ Such perfect grading is 
practically impossible, since the permittivities of materials which 
are suitable for cable insulation do not vary to a great extent. 
However, very good results can be obtained by using two or three 
layers of dielectric. 

As an illustration, consider first of all the design of a 0*30 sq. in., 
non-graded cable for a pressure of 60 000 volts between conductor 
and lead. If the stress in the dielectric must not exceed 40 000 
volts per centimetre, the radius of the conductor for a cable of 
minimum overall diameter would be 

^ E ^ 6 0 000 
^ .9m.x ~ 40 000 

=» 1 '5 cm. 

A normal stranded conductor of this radius would have a 
sectional area nearly three times as large as desired, and a special 
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conductor constructed on the lines of Fig. 59 might be adopted. 
The internal radius of the sheath would be 


B = 2’ 718 X 15 
= 408 cm. 

Consider now the case of a cable having the same overall 
dimensions, ])ut graded by means of two layers of material having 
permittivities and e.j respectively. In order to secure the same 
value of maximum stress in each layer 


or 


2q _ 2 q 

Cjr = 


(133) 


where is the internal radius of the second layer. A 0*30 sq in., 
stranded conductor has an overall radius of 0* 915 centimetre, and 
assuming = 5 and == 3 it follows that 


_ 0- 915 X 5 
_ _ 

= 1 • 525 cm. 


The voltage across the inner layer of dielectric is 

El = g,r,uxr lofT, 

and the voltage across the outer layer is 

B 

^'1 ~ ^max'Tj loge . 

Hence the total voltage which can be safely applied to the 
cable is 

E = + E. 

= ,9max(r + r, log, . . (158) 

Taking as before a maximum stress of 40 000 volts per 
centimetre, 

E - 40 000(0' 015 log. I ® + 1- 625 log. ,) 

= 40 000(0- 4674 + 1* 5008) 

= 78 780 volts. 

Hence by grading the dielectric in two layers, and without 
increasing the overall dimensions of the cable, the safe operating 
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voltage has been raised from 60 000 volts to 78 730 voits, being an 
increase of about 31 7o* Figs. 60 (a) and (b) sliow diagraniinati- 
cally the two cables and the stresses in each case. 

In the above discussion, the insulating materials have been 
assumed to have the same dielectric strength. If this is not so, 
the maximum stress in each layer should be made proportional to 
the dielectric strength of that layer, thus leading to a uniform 
factor of safety for the complete cable. Hence, in general, if i^j, 
etc., are the dielectric strengths of the difierent layers, the radii of 
the layers can be calculated from the relationship 

v^ejT = = v.j€sr.,. . . . (159) 

Intersheath Grading .—In this method of grading, suggested 
by Morris,the same material is used for insulation throughout the 
total thickness of the cable, but is divided into two or more sections 


MAXIMUM GRADIENT 



by means of metallic cylinders. Each section can be made to 
take its proper share of the total voltage by applying a definite 
potential from an outside source to the intersheaths. The inter¬ 
sheaths can be made of lead tubes as this provides a smooth 
surface in contact with the dielectric, and the sole current carried 
by any intersheath is the difference between the charging currents 
taken by the sections on each side of it. The most obvious way 
of anchoring the potentials of the various intersheaths is by 
connecting them to tappings taken from the secondary windings of 
the supply transformers. 

As an illustration of the method, suppose that the 0 30 sq, in. 
cable (r = O' 915 centimetre, R = 4*08 centimetres) is to be graded 
by means of one intersheath. If the lead intersheath is O' 125 
centimetre in thickness, and is situated half-way between con¬ 
ductor and sheath, its internal and external radii will be = 2* 435 
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tfttJlimetres, and rj = 2 - 560 centimetres respectively. The voltage 
across the first section is 

^1 = log. 

and the voltage across the second section is 

E., = log. 

Assuming as before a maximum stress of 40 000 volts per 
centimetre, and substituting numerical values 

- A'l + E., 

= 40 000(0- 915 log. + 2- 560 log. 2 . 

= 83 550 volts. 

Hence by means of one intersheath, without increasing the 
overall dimensions of the cable, its voltage rating has been in¬ 
creased by about 39 7^ (s©® Fig* 

E* 83*5 K.V. 

61). 

Where long lengths of cable 
have to be dealt with, the cross- 
sectional area of the intersheaths 
must be ample to carry the charg¬ 
ing current of the system. Let 
the capacitance of the condenser 
formed by the conductor and the 
intersheath be farads, and the 
capacitance between the inter- 
PiG. 61.—Intersheath-graded cable, gheath and the outer sheath of 

the cable be Co farads. Then, 
considering the inner condenser, a capacitance current of coCiE^ 
amperes flows out along the conductor and returns by the inter¬ 
sheath. Similarly, for the outer condenser, a capacitance current 
(oc^E^ flows out along the intersheath and flows back along the 
outer sheath. Hence the actual current carried by the sheath is 

co(c,E, - c,E,); . . . (160) 

this is of course the sending-end value. At the receiving end the 
capacitance current is zero, and at a point distant x from the 
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sending end of a cable of length I the interaheath current is 
approximately 

- c,E,){l - fy 

Referring to the 0 30 sq. in. graded cable 


0 - 0388 X 3-8 

—F43T " 


= 0- 3469 X 10 - » 
0- 0388 X 3-8 
“ , 4-08 "" 

2- 560 

= 0- 7284 X 10-« 


farads per mile, 


X 10“' 


farads per mile. 


Hence for a 20 -mile, 50-frecpiency transmission, the capacitance 
current in the intershoatli at the sending end is 
27r X 50(47 730 x O’ 7284 - 35 820 x 0* 3469)10 “ ^ x 20 (160) 
= 140 amperes. 


115 . Practical Difficulties Involved in Grading.—Although 

from a theoretical standpoint there are considerable advantages to 
be gained by grading, it has not yet met with any success in 
practice. This is chiefly due to the development of new types of 
cable, and improvements in the quality of insulating materials 
resulting in the adoption of higher working stresses—values up 
to 140 kV. per cm. now being used. Furthermore, there are 
diflSculties in the practical application of methods of grading. 

The chief handicap of the capacitance method of grading is due 
to the fact that there are such few high-grade insulating materials 
of reasonable cost, whose permittivities can be made to vary over 
the necessary range. Impregnated paper could be given values of 
permittivity ranging from about 3*0 to 4*0. Higher values than this 
might be obtained by loading rubber with various chemicals as, accord¬ 
ing to Jona,^^ its permittivity can thereby be varied from 4*2 to 6*1. 
The cost of such a rubber dielectric, however, would be high, and 
probably prohibitive for this reason. Furthermore, in a composite 
dielectric of rubber and paper, beside, the risk of chemical action 
taking place between the two layers, there is the possibility that the 
individual materials would not retain their permittivities unchanged 
from year to year. If such a progressive increase or diminution in 
the values of these constants took place, the grading of the cable 
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would be spoiled, and breakdown might occur at a lower pressure 
than with the ungraded cable. For these reasons it seems distinctly 
preferable to have the insulation a homogeneous, compact mass of 
impregnated paper. 

The chief disadvantage of the intersheath method of grading 
is the relatively flimsy character of the intersheath, and the 
danger of damaging or interfering with its continuity during 
transportation and installation. High local potentials might then 
concentrate at the defective place, resulting in failure. Further¬ 
more, failure of the dielectric on one side of an intersheath would 
lead to an immediate concentration of stress on the dielectric on 
the other side, with the risk of simultaneous breakdowns at other 
points along the cable. The length of transmission is also unduly 
limited by the safe curi*ent-carrying capacity of the intersheaths 
ii6. Capacitance of Three-core, Belted-type Cables. —In 
overhead systems the capacitance to earth is generally negligible. 



Fia, 62 .—Kepresentation of capacitances in bhroe-core, belted-type cable 
by condensers. 

but in an underground transmission by multicore cables the con¬ 
densers formed by the comparatively small thickness of insulation 
between conductors and earth must be reckoned with. Russell 
has shown that in a three-core cable nine different capacitances can 
be obtained, corresponding to various combinations of the three 
conductors and the sheath. It is sufficient here, however, to 
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imagine that the three conductors and sheath form an arrange¬ 
ment of condensers as shown in Fig. 62. The capacitance of each 
of the condensers connected between the conductors and sheath 
is Csf and the capacitance of the condensers connecting the con¬ 
ductors to one another is Cc. It is apparent that the capacitance c, 
is to earth or neutral. Also the mesh-connected capacitances Cc may 
be converted to equivalent star-connected capacitances by multiply¬ 
ing by three. Therefore the effective capacitance of each conductor 
to neutral is 

C Cs + Scc .(161) 


Owing to variation in the permittivity of impregnated paper 
and the more general use of special shapes of conductor, it is pre¬ 
ferable to obtain capacitance figures from test data. In the 
routine testing of cables the standard measurement of capacitance 
is between one conductor (1) and the other two conductors and 
sheath (2, 3, and S). In addition, the value of the capacitance 
between the three conductors connected together (1, 2, 3) and the 
sheath (S) is often measured. Denoting these measured capacit¬ 
ances by (a) and (b) respectively, the following relations exist:— 
Capacitance (a) =* c, + 2cc 
and Capacitance (6) = 3c,. 


Hence 


Cap. (a) Cap. (b) 

~'2 6 “~ 


and 


Cs = 


Cap. (b) 
3 


so that the effective capacitance of one conductor to neutral, in 
terms of the measured values is 


^ 9 X Cap, ( g) - Cap, (b) 

If capacitance (b) is not available, the capacitance to neutral can 
be obtained to a close approximation by taking C as equal to 1’2 
times capacitance (a). 

In the absence of test figures altogether, the following empirical 
formula due to Simons,^® and derived from experimental work on 
cable models (see Art. 117), can be employed :— 

_ 0- 0486 _ 

log,o[{o-52(|,)* - 1-70^ + 3-84p^ + l] • (163) 

microfarads per mile, 


15 
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where t = belt-insulation thickness, 

T = conductor-insulation thickness, 
and d = conductor diameter, 

all in the same units. The extra length due to coring is provided 
for in this formula. 

An analogous formula to (163) can also be derived for the in¬ 
sulation resistance of a three-core cable, but is not of much practical 
use, as the power losses due to leakage with three-phase voltage are 
negligible compared with other sources of dielecti’ic losses. 

117. Electrostatic Stresses in Three-core, Belted-type 
Cables.—The electrostatic stress, at any point in the dielectric of 



Fig. G3.—Electrostatic field of three-core, belted-type cable at a particular instant. 


a single-core cable, can be calculated in terms of the applied voltage 
and the cable dimensions by a simple mathematical foi*mula. In the 
case of a three-core cable, the magnitude of the dielectric stresses 
cannot, in general, be determined in this manner, and it is necessary 
to fall back on expei-imental data. This data has been chiefly 
obtained by measurements on cable models consisting of three 
metal tubes representing the three conductors surrounded by a 
fourth tube representing the sheath, the whole arrangement being 
immersed in a tank of electrolyte. Both Atkinson ^' and Emanueli 
have used this method, and the former has also employed tinfoil 
models consisting of sheets of tinfoil on which were soldered four 
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copper rings to represent the conductors and sheath. When the three 
inner electrodes of either type of model are connected to a three- 
phase supply, the lines of current flow correspond exactly to the 
distribution of dielectric flux in a cable having a geometrically 
similar cross-section. Hence, the electrostatic stresses at any point 
in the cable can be found by measurements of the potential 
gradient existing at the corresponding point in the model. 

Of course, in a three-core cable the electrostatic field is poly¬ 
phase, and rotates at uniform angular velocity round about the 
geometric centre of the cable, in a manner analogous to the rotation 
of the magnetic field in an induction motor. Fig. 63 shows the 
stress distribution and equipotential lines in a typical cable at the 
particular instant when the top conductor is at its maximum potential. 

In general, the stresses in a multicore cable depend upon the 
absolute dimensions of the cable and upon the voltage applied, but 
it is evident that the stresses will be the same in cables which are 
geometrically similar, if the applied voltages are proportional to the 
sizes of the cables. In other words, the ratio of maximum to 
average stress is a constant for cables which are geometrically 
similar. The highest stresses occur in the triangular section of the 
cable formed by joining the centres of the conductors, and it has 
been found that their magnitude is independent of the belt-insulation 
thickness. These stresses vary according to the ratio of conductor- 
insulation thickness to conductor diameter, and may be completely 
determined if the ratio of actual stress to average is plotted as a 
function of the ratio of conductor-insulation thickness to conductor 
diameter. 

The stress of greatest importance is the maximum stress in the 
cable dielectric (A in Fig. 64), and this occurs at the conductor 
surface at the point nearest to the centre of the cable. Another 
stress of interest is that at the conductor surface on the line joining 
conductor centres (2? in Fig. 64). With the usual thicknesses of 
cable insulation this stress is very nearly as great as the maximum 
stress, and, furthermore, can be calculated by means of a formula 
due to Russell.^® 

These two stresses and various others at representative points 
in the dielectric are best expressed in terms of the average stress 
between conductors, denoting by this latter quantity the numerical 
average obtained by dividing the voltage between conductors by the 
total intermediate thickness of insulation. The ratio of actual stress 
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to average can then be plotted as a function of the ratio of con¬ 
ductor-insulation thickness to conductor diameter, and the results 
obtained are reproduced in Fig. 64. In this diagram stress B has 
been calculated by Russell’s formula, and the remaining curves are 
the experimental results obtained by Atkinson. By the use of these 
curves the determination of the stresses in three-core cables is made 
as simple as in the corresponding single-core case. It should be 



3 RATIO OF CONDUCTOR INSULATION THICKNESS TO 
CONDUCTOR OIAMETE.R 

Fig. 64.—Electrostatic stresses in three-core, belted-type cables. 

noted that all the stresses shown in Fig. 64 are radial to the con¬ 
ductor surface with the exception of stress F, which is a tangential 
stress measured along the circular boundary of the conductor 
insulation. 

In addition to the maxiniuni stress and various other stresses in 
the centre triangle of the cable, the stress at the conductor surface 
and toward the sheath is also of interest. Its magnitude depends 
very largely upon tlie thickness of the belt insulation. In the case 
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of a cable having a thin belt, the stress towards the sheath can be 
made the same as the maximum stress, and in these circumstances 
the stresses around the entire circumference of the conductor 
are almost uniform. If the cable, as is the usual practice with 
high-voltage cable, has a belt-insulation thickness of the same 
order as that of the conductor insulation, the stress towards the 
sheath will be considerably less than the maximum. Here again 
Russell has given a method of calculating the stress, but there are 
several variables in the formula, and an exact solution for all con¬ 
ditions would involve an extensive series of curves. It is possible, 



Fia. 65.—Electrostatic stress in three-core, belted-type cables at conductor surface 

and towards sheath. 

however, by taking somewhat similar co-ordinates to those previ¬ 
ously employed, to plot one curve shown in Fig. 65 which is correct 
within about 1 7o point. It should be noted in connection 

with Fig. 65 that the stress is a function, not only of the conductor 
insulation, but also of the belt insulation, and it must therefore be 
expressed not in terms of the average stress between conductors, 
but of the average stress between conductor and sheath. Similarly, 
as abscissae must be taken the ratio of total-insulation thickness to 
conductor diameter. 

To illustrate the use of the preceding data, the electrostatic 
stresses will be calculated for the case of a 33 000-volt, three-core. 
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belted-type, 0*20 sq. in. cable. The conductor diameter is 1*47 
centimetres, the thickness of the conductor insulation is 0* 635 
centimetre, and the belt-insulation thickness is also 0* 635 centimetre. 

Hence for the purpose of determining the stresses in the inner 
triangle of the cable the average stress is 

QQ 

= 26*0 kV. per cm., 


and the ratio of conductor-insulation thickness to conductor dia¬ 
meter is 


0 - 6 ^ 
1-47 


= 0*48. 


With 0 43 as abscissae, a series of factors can be read off from 
the curves of Fig. 64, which factors, when multiplied by the average 
stress 26 *0, give the actual stresses at the various points in the cable. 
The maximum stress in the cable is 


Stress A = 1*34 x 26*0 = 34*8 kV. per cm, 
and the other values are 


Stress £ = 1’27 
C = 0*91 
I) = 0*69 
E = 0*58 
F = 0 43 


26*0 = 33*0 
26*0 = 23*7 
26*0 = 17*9 
26*0 = 15*1 
26*0 = 11*2 


kV. per cm. 
kV. „ „ 

kV. „ „ 

kV 

kV. „ „ 


Tlie stress at the surface of the conductor in the direction of the 
sheath is similarly derived from Fig. 65. 

The average stress in the total thickness of insulation between 
conductor and sheath is 


33 

x/3 X 1-27 


14*9 kV. per cm. 


and the ratio of total-insulation thickness to conductor diameter is 


1*27 

1*47 


0 * 86 . 


Then with 0*86 as abscissa, the corresponding ordinate is found 
as 1*62. Hence the stress at that point on the conductor surface 
which is nearest to the sheath is 


Stress = 1*62 X 14*9 = 24*1 kV. per cm. 

It must be borne in mind that the stress data given above are 
for the condition of homogeneous dielectric. If, in an actual cable, 
the permittivity of the filler material differs very much from that 
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relating to the main insulation, the stresses may. be somewhat 
modified thereby. Also no account has been taken of the effect of 
stranding in increasing the stress at the surface of the individual 
wires in the conductor so that stresses A, B and 0 as obtained are 
nominal values only. This, however, does not detract from the 
value of the method as a means of comparing the electrostatic 
stresses in various designs of cable, or in various parts of the same 
cable. 

Il8. Breakdown Voltage. —At normal supply frequency the 
breakdown strength of the dielectric in good quality, high-voltage 
cable is about 400 kV. per cm. Its value is greatly influenced, 
however, by the length of time during which the voltage is 
applied, the above figure being the short-time value, that is the 
figure obtained from tests where breakdown has occurred within 
the course of a few minutes. This time effect in insulation failure 
is, of course, a fairly general phenomenon, applying to many solid 
materials and not merely to impregnated paper forming part of 
the structure of a cable. 

A typical curve showing the breakdown strength starts at a 
value of abjut 400 kV. per cm., falling fairly rapidly at first and 
later more slowly to an asymptotic value of 160 to 180 kV. per 
cm., which is usually reached after 50 to 100 hours. The lower 
curve shown in Fig. 66 is characteristic and can be represented by 
a formula of the type 

Breakdown voltage = Ey ^1 + • (Ib^l*) 

where Eq is the voltage which the dielectric will withstand 
indefinitely, t is the time of application of voltage in hours, a and 
n are constants. 

The values of a and n, however, are liable to considerable 
variation being dependent upon manufacturing details, test 
conditions and previous history of the sample. For example, the 
effect of heating cycles may lower the curve considerably if an 
excessive temperature range has been used. It is not surpris¬ 
ing, therefore, that various investigators have obtained different 
inverse roots in the fundamental equation ranging up to the 20th 
root, so that this figure has apparently an appreciable range. 

The most important point to be noted is that short-time values 
of breakdown voltage are not very definite, and cannot legitimately 
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be used for comparing different cable samples. It is quite possible 
for one material having a lower short-time breakdown voltage 
than another to be ultimately the stronger at operating voltages, 
hence comparison should be on the basis of the long-time or 
as 3 nmptotic values. 

The effect of mechanical pressure on the breakdown voltage of 
impregnated paper is extremely important, and the two curves 
shown in Fig. 66 show the result of subjecting cables to an external 
pressure of 15 atmospheres per sq. in.^® It will be seen that there 
is a substantial improvement in the breakdown voltage, and this 



10 20 30 40 50 60 70 80 

TIME IN H0UR8 

Pia. 66.—Breakdown stress of cable at normal atmospheric pressure, and when 
subjected to an external pressure of 16 atmospheres. 

applies particularly to the long-time value which is increased by 
over 100 7o- 

Up. Dielectric Losses. —The energy losses occurring in the 
dielectric of cables are due to leakage and so-called dielectric 
hysteresis. The former loss is the PR loss of the current passing 
by conduction through the resistance of the dielectric, and is in¬ 
dependent of frequency, so that it occurs both with direct and 
alternating voltages. The leakage current is proportional to the 
impressed voltage, hence the loss is proportional to the square of 
the impressed voltage. 



UNDERGROUND CABLES 


213 


With alternating pressures there is a further loss of energy 
usually styled hysteresis loss, and which under the usual operating 
conditions is very much larger than the leakage loss. Apparently 
some energy is consumed in reversing the stresses in solid dielectrics, 
and this appears as heat, causing a rise in temperature of the di¬ 
electric. At normal working stresses the dielectric hysteresis loss 
is proportional to the square of the electrostatic stress, that is to 
the square of the impressed voltage. 

In order to take into account these energy losses, the charging 
current of a cable may be considered as made up of two components, 
one being the true capacitance current of which the phase is exactly 
90 degrees in advance of the impressed voltage, the other being the 



Fig. 67.—‘ V ’ curve of dielectric loss. 


‘ energy ’ component in phase with the voltage. The dielectric 
losses are equal to the product of the voltage and the in-phase 
component of the charging current. Hence if in any cable 

Wi = energy losses in watts per phase due to leakage, 

Wh = energy losses in watts per phase due to dielectric 
hysteresis, 

E = impressed voltage to neutral, 

G = capacitance per conductor, 
and (f)d angle of advance of charging current, 

the charging current is wGE, and the dielectric losses per phase are 
Wd = Wi + Wh — wGE^ cos <f)dj . . (165) 

where cos <f)d is known as the dielectric power factor. 
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Ordinarily, tho dielectric losses of paper-insulated cables are 
small, but in the case of cables for the highest voltages, where the 
stresses are necessarily pushed to their extreme limit, they may have 
to be taken into consideration in fixing the current rating of the 
cable. 

A very important and interesting relationship in the study of 
cable dielectrics is the variation of dielectric loss with temperature. 
It has been shown by a number of investigators during the past 
few years that, over the working temperature range, the dielectric 
loss in most cables falls to a minimum at about 40° C. and then 

rises again. The variation 
when plotted gives rise to what 
is known as the ‘ V ’ curve of 
dielectric loss, and the minimum 
temperature point corresponds 
very closely to the temperature 
of liquefaction of the resinous 
impregnating compound. A 
typical curve for paper-insulated 
cable is exhibited in Fig. 67. 
Since the variation of capaci¬ 
tance current with temperature 
is small, the dielectric power 
factor / temperature curve is 
of the same general shape as 
the dielectric loss / temperature 
curve. In this connection, it 
seems preferable to exhibit 
dielectric-loss data in terms of 
dielectric power factor rather 
“ fEMPERATURE-DEG* ^ ^^aii in power loss per mile of 

Fjo. 68.-Effect of type of paper on cable in order to facilitate com- 

power factor / temperature curve. parison between different types 

and sizes of cables. 

The actual shape of the ‘ V ’ curve depends on several factors 
and may be deliberately changed by the use of different papers, 
impregnating compounds, and methods of manufacture. For ex¬ 
ample, the two curves of Fig. 68, due to Dunsheath,-^ were 
obtained on two single-core cables of exactly similar dimensions, 
impregnated with the same compound, and manufactured under 
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identical conditions. The only difference between them was that 
the papers employed for the two lengths were composed of different 
fibres. Fig. 69, taken from a paper by Del Mar and Hanson,** 
shows the results obtained on another pair of similar cables in 
which both had the same insulating paper and treatment, but in 
which different impregnating compounds were employed. Other 
factors, such as inadequate drying of the paper, increase the di¬ 
electric losses and change the shape of the curve veiy considerably. 

Contrary to what might be thought, the dielectric power factor 
is not independent of frequency. As the frequency of the impressed 



TEMPERATURE - DEG C 

Fia, 69.—Effect of different impregnating compounds on power factor / tem¬ 
perature curve. 

voltage is increased, the dielectric losses of the cable also increase, 
but at a slower rate than the frequency, so that the losses, say, at 
50 cycles, are not twice the value of those at 25 cycles. In other 
words, as the charging current is proportional to the frequency, the 
dielectric power factor diminishes when the frequency increases. 
These remarks apply to cables running at the usual operating 
temperatures of 50° to 60° C. or over. At ordinary atmospheric 
temperatures the dielectric power factor increases with increase of 
frequency. These phenomena are clearly illustrated by the curves 
of Fig. 70 given by Emanueli,^^ and it will be seen that the 
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minimum points of the ‘ V * curves appear to lie on a line parallel 
to the abscissae. 

It should be noted that none of the curves exhibited in Figs. 
68-70 are typical of modern cables, being given here only to 
show the nature of some of the diflBculties incident to the manu¬ 
facture of high-voltage cables. Present-day cables have dielectric 
power factors of about 0*3 % ordinary atmosphere temperatures, 
and the variation over the working temperature range is often 
comparatively insignificant. 



Fig. 70.—Power factor / temperature curves at various frequencies. 

120. Ionisation Phenomena. —In an actual cable the pro¬ 
portionality between dielectric loss and the square of the impressed 
voltage does not always hold good when the electrostatic stresses 
are high. Under these conditions additional dielectric loss often 
occurs due to the development of ionisation, so that there is an 
apparent increase in the conductance and dielectric power factor 
Ionisation may be caused by moisture in the dielectric, but more 
generally is the result of the presence of voids, a void being 
a space, which, instead of being filled with impregnating com¬ 
pound is occupied by air or other gases, often at low pressure. 
Such a void may exist between the mass of paper and the sheath, 
or it may lie as a more or less flat film between one layer of paper 
and the next superposed layer. Such a space is liable to ionisa¬ 
tion, partly because owing to its low permittivity it is subjected 
to a relatively high electrostatic stress, and partly because the 
dielectric strength is very small compared with that of impregnated 
paper. 
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Fig. 71 shows the general effect of voltage on a cable con¬ 
taining occluded air or gas in the dielectric. Up to a certain 
critical value of electrostatic stress the power factor and con¬ 
ductance are sensibly constant, beyond that point the curve 
bends upwards due to ionisation. The voids near the conductor 
surface where the maximum value of stress occurs are the first to 
be broken down and ionisation then spreads progressively through 
the dielectric, the voids nearest the sheath being the last to be 
affected. At yet higher values of stress the curve flattens out 
again, the gases being more or less completely ionised.^^ 



ELECTROSTATIC STRESS 

Pig. 71.—Variation in dielectric power factor of cable due to ionisation. 


I2I. Mechanism of Void Formation. —The formation of 
voids in the dielectric of a cable may be due to— 

(1) Faulty materials or methods of manufacture. 

(2) The effect of loading cycles in service. 

The elimination of voids during the course of manufacture is 
by no means an easy matter for many reasons. For example, 
although great care is taken to de-gasify the impregnating com¬ 
pound before use, there is a definite limit to the amount of gas 
that can be extracted under commercial manufacturing conditions. 
Also the vacuum applied to the impregnating tanks prior to the 
admission of compound cannot in practice be less than about 
2 mm absolute, so that there must be a certain amount of air left 
in the cable dielectric. During the impregnating process this 
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residual air or gas may be driven inwards to be entrapped between 
the papers. Any imperfection in the dielectric due to loosely 
wrapped or creased paper on the cores, or bad contact between 
cores and fillers in the case of three-core cables, will facilitate the 
formation of these voids. 

The physical properties of the compound and paper and their 
variation with temperature also play an important part in deciding 
whether or not voids will form during impregnation. 

It is very important, therefore, to ensure that the cable 
dielectric is impregnated as thoroughly as possible, and complete 
cooling allowed before sheathing so that the maximum amount of 
compound is absorbed. In the process of manufacture rigid 
control of the drying, impregnating and cooling periods is necessary, 
and this is often effected by taking continuous measurements of 
capacitance and power factor whilst the cable is in the tank, the 
curves showing the variations in these quantities being a guide 
to the completeness or otherwise of each phase of the process.^'"* 

Consider now the case of an initially well-impregnated cable 
subjected to heating and cooling cycles. On heating, the compound 
expands, and owing to the temperature coefficient of the compound 
being so much greater than that of lead, the sheath is distended. 
When the cable cools down during periods of light load the 
compound contracts, but the lead sheath does not contract with it 
owing to its inelasticity, and voids are thus formed in the dielectric. 
These voids occur most readily where the insulation is more lightly 
packed, so that in the case of a three-core cable they tend to form 
in the fillers, or between the fillers and the cores, where good 
contact is often difficult to achieve. In the case of a single-core 
cable where the dielectric is more or less homogeneous, the voids 
may form anywhere in the interior of the dielectric depending on 
such factors as the viscosity of the compound and rate of cooling, etc. 

Alternate heating and cooling, therefore, tends to encourage 
void formation, so that if there is ionisation before heating this 
may be accentuated afterwards, whilst if originally there is no 
sign of ionisation the phenomenon may be introduced by the 
loading cycles. The magnitude of the effect is dependent to a 
great extent on the values of maximum and minimum temperature 
adopted.^^ 

122. Stability Limits.—The liability of a cable to develop 
ionisation in service may be estimated by subjecting it to loading 
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cycles, a series of ionisation curves being taken at room tempera¬ 
ture before and after eacli cycle. Eacli curve is often found to lie 
above the one previously obtained, the effecl of succossive heating 
in the case of faulty cables being to change the sliape of tlie curve 
from being more or less horizontal to one of the type shown in 
Fig. 71. 

Another method of showing the results, which has advantages 
when the number of loading cycles is large, is to plot the room- 
temperature power factor at a particular voltage against the 
number of cycles. This method lias been adopted in Fig. 72 
which shows dielectric power factor values taken at 40 kV. on 
a 33 kV., three-core, screened-type cable, the temperature of 



Fig. 72.—Stability test on cable. 

measurement in each case being 30^ C. Initially the temperature 
cycles were taken up to a maximum limit of 50" C., and the lower 
curve shows that apart from a slight rise during the first heat 
cycle no deterioration was observed. When the upper temperature 
limit of the cycles was raised to 60" C. a state of instability arose, 
the power factor becoming worse after each cycle as shown by the 
upper curve. For this particular cable the stability limit was 
thus about 50° 

123. Cable Breakdown. —The development of voids, with 
consequent ionisation, has undoubtedly been one of the chief 
causes of cable deterioration and subsequent breakdown. Where 
these gaseous spaces occur, the ionic bombardment produced by a 
strong electrostatic field causes polymerisation of the impregnating 
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compound, and results in the formation of a kind of wax with 
liberation of hydrogen and other gases. Although the wax 
appears to be harmless the hydrogen tends to produce water by 
reaction with some of the other gases evolved. A further step is 
the development of carbonisation which occurs along the interfaces 
and between the gaps of the paper tapes, ultimately creating dis¬ 
charge paths and destroying the insulation. These chemical and 
heating effects of ionisation explain the rise in power factor with 
time found to occur with some cables when repeated heating and 
cooling is carried out between extreme temperature limits. 

Assuming also that the long-time breakdown voltage of a 
cable is controlled by ionisation, the shape of the time/breakdown- 
voltage curve is explained and the remarkable manner in which 
this is affected by mechanical pressure. On the removal of load 
from cables of normal structure the hydrostatic pressure may 
fall below atmosphere, and in some cases partial vacua may 
exist at some points of the dielectric, while other points are under 
pressure. These regions of low pressure are easily broken down 
with production of ionisation. Conversely, by increasing the 
mechanical pressure on the dielectric (see Fig. 66) ionisation can 
be eliminated to a great extent, with a consequent increase in the 
long-time dielectric strength of the cable. 

Tliere have been established three distinct types of cable 
breakdown :— 

1. Disruptive. 

2. Thermal instability. 

3. Tracking. 

1. Disruptive breakdown is a type of fault in which a discharge 
occurs between conductor and sheath at some relatively weak 
place in the dielectric producing a clean hole with no sign of 
carbonisation. It is the kind of fault which may occur when 
short-time testing with high voltage in the laboratory. 

2. Breakdown due to thermal instability has often been 
encountered during development work on the production of cables 
for the highest voltages. The dielectric losses at these voltages 
are necessarily high, and if the power factor / temperature curve is 
such as to rise steeply at operating temperatures it is easy to 
visualise conditions where temperature stability is impossible. 
With an increase of load the dielectric temperature starts to rise; 
due to this increase in temperature the dielectric losses will also 
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increase, and so the temperature mounts still higher. If the 
external conditions are such that heat dissipation cannot keep pace 
with heat generation the process is cumulative, and the temperature 
rises progressively till at some spot the dielectric is destroyed by 
burning.^* 

3. Breakdown due to tracking is the commonest form of high- 
voltage cable failure under service conditions. It is entirely due to 
the ionization phenomena described above, aud a complete accoxmt 
of the mechanism of this type of breakdown has been given by 
Robinson.27 The first visible result of ionization is the formation 
of a minute carbon core in the oil between the fibres of the paper 
at the position of highest stress near the conductor surface. 
Carbonised tree formations arise from this core and gradually 
spread outwards, both longitudinally and radially, till the dielectric 
is bridged. The conducting path may be several feet in length, 
and requires a long time to build up, but breakdown is certain 
once the initial carbon core has been formed. 

Special types of cable have been developed for operation at 
the highest voltages, and these owe their success to the methods 
adopted for eliminating void formation and thermal instability.*® 
124. Screened and S.L.-type Cables. —The belted type of 
three-core cable illustrated in Fig. 73 (a) has been found to be 
relatively unsuitable at pressures over 22 kV., failure often 
occurring after a considerable period of service. Dissection of 
the faulty lengths shows that the trouble starts at the contact 
surface between the cores and fillers, particularly in the central 
triangle between the three cores, and results in the outer core 
papers being badly charred, the deterioration gradually working 
inwards toward the conductor surface. 

Hochstadter attributed these failures to the tangential elec¬ 
trostatic stresses in the outer layers of the core insulation, the 
dielectric strength of paper being considerably less in the direction 
of the fibres than in a direction perpendicular to them. Voids are 
also formed between cores and fillers as it is almost impossible 
to maintain intimate contact between these under service condi¬ 
tions. To begin with, the fillers cannot be as tightly packed as 
the main core insulation during the process of manufacture. Thus 
any voids caused by heating cycles have a tendency to form at 
the boundary surface between cores and fillers, the trouble being 
accentuated by the lay of the cores and conductor expansion tending 
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to separate the cores as the temperature rises. It is evident, 
therefore, that failure has been due to the effect of tangential 
stress occurring at points in the cable where voids are most certain 
to be present. 

An improved method of construction due to Hochstadter is the 
screened or H-type cable (Fig 73 (6)), in which no belt insulation 
is used, and a metallic conducting surface is provided over each of 



Fig. 73.—Various types of three-core cable (26 kV., 0’26 sq. in.). 


the three cores. This metallic layer may consist of perforated 
aluminium foil of the order of 1 mil. in thickness or alternatively 
a 3-mil. copper tape applied with a narrow gap between turns. 
The three cores are laid up with jute or paper fillers in the normal 
manner, care being taken that the metallic layers are in good 
contact, and overall is wrapped a 15-mil. woven cotton tape to hold 
the cores together during the process of impregnation, etc. Good 
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electrical contact between the metallic layers and the sheath is 
ensured by means of fine copper wires stitched into the cotton tape, 
and by this means the outer core surfaces are maintained at earth 
potential. 

The advantages of the screened type of cable may be sum¬ 
marised as follows:— 

1. The electrical stress is purely radial since all tangential 
components are eliminated, and the relatively weak fillers are 
excluded from the electrostatic field. 

2. Separation of the cores, by mechanical distortion of the cable 
or by thermal expansion, cannot introduce voids into the dielectric 
under stress. 

3. The presence of the metallic screen prevents direct core-to- 
core faults, breakdown taking place to earth, which is an advantage 
from the operation point of view, as the fault current can be 
limited by earth resistance in the neutral. 

4. The metallic screens facilitate the dissipation of heat from 
the central portions of the cable. 

A further development of screening is the S.L-type cable in 
which each core is provided with a separate lead sheath, and the 
cable is virtually an assembly of three lead-sheathed, single cores. 
In modern practice the cores are also covered with a layer of 
aluminium foil or copper tape (with or without the addition of 
the copper-reinforced cotton tape) under the lead sheath. By this 
means any voids formed between the lead sheath and the outside of 
the core are removed outside the influence of the electrostatic field. 
Cables provided with this screen are generally known as the 
H.S.L.-type. Fig. 73 (c) shows a typical arrangement, the three 
cores being laid up together with tarred jute yarns to a circular 
formation, the overall layers of cotton and hessian tapes being 
then applied bo form a bedding for the armouring and serving. 

Many of the advantages of the screened cable are also shared 
by the S.L.-type, but there is an important difference from the 
manufacturing point of view inasmuch as each of the cores in the 
latter type of cable is dried, impregnated and sheathed separately, 
and by this means it is considered that better impregnation can 
be secured. Also, due to the elimination of filler spaces containing 
compound, there is less tendency for oil drainage on hilly routes. 
It is also claimed that bending causes less distortion of the lead 
sheaths in the S.L.-type than in any other form of three-core 
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cable. On the other hand, owin^ to the diameter of the separate 
lead sheaths in S.L.-type cable being smaller than that of the 
overall lead sheath in the case of other types of three-core cables, 
the factor of safety against defects in the lead is greatly reduced.^® 

In practice the three sheaths are bonded together at jointing 
positions, so that circulating currents are produced therein as 
previously described in the case of single-core cables. Owing to 
the comparatively small diameter and high resistance of the 
sheaths, however, the additional losses due to these currents are 
quite small, being usually 2 to 3 % ^^e copper losses. 

Screened or S.L.-type cables are now always used for pressures 
of 22 kV. and 33 kV., and even at 11 kV. they may be considered 
a better proposition than the belted type. For the customary 
range of conductor sizes, values of maximum working stress used 
in modem practice run up to 25 kV. per cm. for 11 kV. cables and 
40 kV. per cm. for 33 kV. cables. In the case of shaped conductors, 
which are often used in screened cables, the electrostatic stresses at 
those portions of the conductor surface with the greatest curvature 
may be considerably higher than the figures given above. 

125. Single-core Cables. —Three-core cables are generally 
used for pressures up to 33 000 volts, but at higher voltages 
considerations of weight and bulk may render them impracticable. 
For instance, a 66 000-volt, three-core, 0*30 sq. in., H.S.L.-type 
cable with the customary insulation thickness would have an over¬ 
all diameter of 5'3 in., and a weight of about 84 lbs. per yard, 
so that the difficulty of transportation and installation would be 
considerable. Single-core cables are thus preferred for the highest 
pressures, and may also be used for lower pressures—where three- 
core cables would normally be employed—if a considerable amount 
of power has to be transmitted, thus necessitating a large section of 
conductor. 

The disadvantage of single-core cables is, of course, that ordinary 
steel-wire armouring entails considerably increased power losses in 
the circuit, the additional losses due to the armouring being often 
equal to, or greater than, the conductor losses.^^ Non-ferrous 
armouring, on the other hand, whilst not affecting the losses to the 
same extent is expensive, and does not confer the same degree of pro¬ 
tection, although this t 3 q)e of armouring has been used on certain 
submarine sections of single-core cables. In general, it appears 
practicable to use steel armouring with cables for the higher 
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pressures if a reduction in current-carrying capacity of 10 to 
20 7o accepted. Hitherto, however, it has been considered that 
the extra factor of safety against mechanical damage due to the em¬ 
ployment of armouring was not worth the reduction in rating, and 
in British practice reliance for protection is placed on a continuous 
layer of reinforced-concrete slabs laid directly above the cables. 

Fig. 74 (a) shows a single-core, 0*50 sq. in. cable for use on a 
66 000-volt, three-phase system, the actual pressure on the cable 
being 38*1 kV. The Cable Makers’ Association’s standard dielectric 
thickness for this voltage is 0*65 in., and before sheathing the core 
is wrapped with 15-mil. aluminium foil and 15-mil. copper-re¬ 
inforced cotton tape, the purpose of this screening having been 



Fig. 74.—Types of single-core cable (66 kV., 0 50 sq. in.). 

previously described in connection with H.S.L.-type cables. The 
sheath is composed of binary lead alloy containing 0*85 % anti¬ 
mony, and is served with three layers of compounded hessian tapes. 

Fig. 74 (6) shows a later development, an oval-conductor, single- 
core cable, the advantage of this type being that the cable is 
enabled to follow temperature variations without the same degree 
of void formation. As the cable is loaded, the minor axis of the 
core increases in length whilst the major axis decreases, the core 
tending to assume a circular shape. Similarly, there is a contrac¬ 
tion in volume with a decrease in temperature. In a circular- 
conductor cable it is possible to obtain hydrostatic pressures of 
the order of 80 lbs. per sq. in. under loading conditions, but with 
the oval-conductor cable, owing to the ready way in which the core 
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changes its shape to accommodate the expansion of the compound, 
pressures of the order of 5 lbs. per. sq. in. only are produced. 

The maximum working stress in present-day 66 000-volt, 
circular-conductor cables is about 45 kV. per cm. for the usual 
range of conductor sizes, but with oval-conductor cables the stress 
varies at different points round the conductor surface, and the 
maximum stress, which occurs at the end of the major axis, may 
be about 20 7o gJ^eater than the above values. 

126. Oil-filled Cables. —The development of the oil-filled 
cable system has rendered possible the transmission of power by 
underground lines at the highest voltages in commercial use. 

In the construction of oil-filled, single-core cables a channel is 
formed at the centre of the core by stranding the conductor wires 
round a cylindrical steel spiral; this channel is kept completely 
filled with oil by means of reservoir and feeding tanks at a pressure 
which is never allowed to drop below atmosphere at any point along 
the cable. This oil, which is of the same t 3 q)e as used for the initial 
impregnation, is a light mineral oil of very low viscosity, and the 
system is designed so that when the oil expands due to increase in 
cable temperature the extra volume, instead of distending the lead 
sheath, is accommodated by means of external reservoirs which 
return the oil to the cable when it contracts during periods of light 
load. By this means the formation of voids in the dielectric is 
rendered impossible. 

A detailed description of the manufacturing process is outside the 
scope of the present work, but the following points should be noted:— 

1. The customary drying of the cores in steam-heated tanks under 
vacuum is carried out, but this is only a preliminary operation, 
the final drying and impregnation of the paper being efiected after 
lead sheathing. By this means much more perfect impregnation 
is secured because a higher degree of vacuum can be established 
in the cable than is possible by the normal method in large im¬ 
pregnating tanks. Furthermore, a valuable check is obtained 
during this process on the soundness of the sheathing. 

2. The oil used for impregnating the cable is thoroughly filtered, 
dried and de-gasified before use, and after impregnation it is pos¬ 
sible to check quantitatively the perfection of the process, and re¬ 
impregnate the cable if the necessary standard has not been reached. 

3. The core papers are graded according to their porosity. It 
is well known that the dielectric strength of paper depends largely 
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on the density of the fibres, and therefore varies Inversely as the 
porosity. In cables of normal structure a compromise must be 
effected between high dielectric strength on the one hand and 
reasonable porosity on the other. With oil-filled cables, however, 
the efficiency of the impregnating process is such that paper of low 
porosity and high dielectric strength can be used for the layers 
nearest the conductor, the total thickness of insulation being 
divided into sections which increase in porosity towards the sheath 
In this way the dielectric strength at any point in the insulation 
is approximately correlated to the electrostatic stress at that point 
resulting in a more uniform factor of safety as a whole. 



Fig. 76.—Types of oil-filled cable (132 kV., single-core, 0-40 sq. in., 
and 66 kV., three-core, 0*16 sq. in.). 


Fig. 75 (a) shows a single-core, 0*40 sq. in., oil-filled cable for 
operation on a 132 000-volt, three-phase system, the dielectric 
thickness being 0*63 in. which is approximately the same thick¬ 
ness as used on a 66 000-volt, single-core cable of the solid type. 
For 66 000 volts the dielectric thickness of the oil-filled type 
would be 0* 315 in. It will be noted that there are two lead 
sheaths, the inner one being made of pure lead. Around this 
sheath is wrapped a thin cloth tape to form a bedding for a rein¬ 
forcing armour of plain brass tape IG-mils. thick, and over the 
armour a further thin layer of cloth and paper tapes. The outer 
lead sheath, which consists of a ternary lead alloy containing 
0*5 7o antimony and 0*25 7o cadmium, is used for the purpose of 
protecting the armouring from chemical action in the soil. The 
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cable is finally served with a thin layer of paper and two com¬ 
pounded hessian tapes. 

Fig. 75 (b) shows a 66 000-volt, three-core, 0*15 sq. in., oil- 
filled cable, the oil ducts in this case being accommodated in the 
filler spaces. 

In an oil-filled cable installation the maintenance of oil pressure 
is of vital importance. On the one hand, it must not be allowed 
to fall below one atmosphere, and on the other, it must not be so 
great as to damage the lead sheath, thus fixing an upper limit of 
3 to 4 atmospheres. Variation of hydrostatic pressure along the 
cable may be caused by differences in elevation of the route, or 
temperature changes due to varying loads which cause oil move¬ 
ment and loss of head by friction. It is evident that the above 
range of working hydrostatic pressure limits the length of cable 
that can be fed from one source, and it is necessary, therefore, for 
the line to be divided into sections. This division is accomplished 
by means of stop joints which connect two sections electrically 
and yet prevent any oil communication between them, allow¬ 
ing oil to be fed to one cable section independently of the other. 
It is a minor disadvantage of the oil-filled system that the cable 
route requires special study to determine suitable positions for 
stop joints and oil-feeding tanks, and the accommodation of the 
latter devices is not without difficulty in city areas. 

There are many installations of single-core, oil-filled cables 
working successfully at 66 000 volts and 132 000 volts, and a 
considerable length of 220 000-volt cable is also in commercial 
operation. Three-core, oil-filled cables are in use on 33 000-volt 
and 66 000-volt systems. 

Owing to the elimination of void formation, the maximum 
permissible stress in oil-filled cable is higher than in cable of 
ordinary construction. 66 000-volt cables are worked at a maximum 
stress of 70 kV. per cm. and 132 000-volt cables at a maximum 
stress of about 90 kV. per cm. 

At the highest voltages oil-filled cables are the main solution 
at the moment. At voltages where oil-filled and solid-type cables 
are in competition, the extra cost of supplying and maintaining the 
oil-feeding stations must be considered in relation to the greater 
carrying capacity of the former type of cable. Oil-filled cables 
can be run at a considerably higher temperature than solid-type 
cables without damage, and have better heat-dissipating properties 
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due to the thinner insulation, so that much heavier loads can be 
transmitted for any given conductor cross-section/^^ 

Brief mention may be made here of the oilostatic system 
developed in America. In this system the cables are provided 
with thin lead sheaths, which are stripped off as they are pulled 
into steel pipes. The pipes are then filled with oil, the pressure on 
which is maintained at about 200 lbs. per sq. in. Oil reservoirs 
and feeding tanks, etc., are necessary with this system as in the 
case of oil-filled cables. 

127, Pressure Cables. —The pressure cable, which has been 
recently introduced, is a serious rival to the oil-filled type, and is 



STRESS INK.V. PER CM. 

Fig. 76.—Variation of power factor with cable subjected to various external 

pressures. 

being developed for the highest voltages. A cable manufactured 
and impregnated by the normal method is employed, but after 
installation it is subjected to radial compression so that any vacuous 
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spaces that tend to form are closed by the compression, or the 
pressure raised in tliein to such an extent that no ionisation can 
take place. Hence, the cable can be worked at stress values 
comparable with those employed in the case of oil-filled cables. 

Fig. 76, due to Hochstadter and his associates,shows the 
effect of varying external pressures on the ionisation curve of a 
three-core cable. The pressure was raised step by step from 0 to 
12 atmospheres and at each step the cable was put through a heat 
cycle, being loaded to give a final temperature of 70® C. The 
power factor was measured before and after each cycle at room 
temperature, these measurements being indicated by (a) and (6) 
respectively. Test 1 shows clearly the instability of the cable at 
normal atmospheric pressure as a consequence of overheating. It 
is also clearly seen from tests 2 to 6 that with increasing pressure, 
in spite of the heating of the cable up to the same maximum 
temperature, the ionisation point is displaced further towards 
a higher voltage, and at a pressure of 12 atmospheres it disappears 
entirely out of the range of measurement. 

The effect of external pressure on the time / breakdown-voltage 
curve has already been discussed and is equally remarkable, the 

long-time breakdown stress be¬ 
ing raised from 180 kV. per cm. 
at normal atmospheric pressure 
to about 400 kV. per cm. at 15 
atmospheres. 

Pressure cables can be divided 
into two distinct types according to 
whether the gas pressure is applied 
external or internal to the sheath. 

In the first type, developed by 
HocIistMter, a triangular-shaped 
cable (H.S.O.-type) has been 
adopted, and Fig. 77 shows a 
section of a 66 000-volt, 0*15 sq. 
ia cable. This particular shape of 
cable has many advantages when compared with circular three-core 
cable, such as lower weight per yard and lower thermal resist¬ 
ance, but its particular suitability for the present purpose is due 
to the fact that this form of lead sheath acts extremely well as a 
pressure membrane. The insulation thickness for the cable illus- 



Fig. 77.—Pressure cable (60 kV., 
three-core, 0’15 sq. in., H.S.O. 
type). 
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trated is 0* 306 in., and each core is wrapped with riietallised paper 
before being laid up with fillers to triangular formation and bound 
with a copper tape. Impregnating and sheathing is carried out in 
the normal manner, the sheath being, of course, of triangular shape. 
The lead is wrapped with a steel tape applied over a bituminised 
paper, the cable being then served with hessian tapes and finished 
with a protective armour of narrow steel strips. 

The cable is installed in a welded steel pipe, which forms 
a continuous gas-tight enclosure for cable and joints, a complete 
section of pipe being laid and thoroughly tested for leakage before 
the cable is drawn in. The pipe itself is laid in lengths of from 
15 to 40 feet, adjacent lengths being welded together, and expan¬ 
sion joints being provided at each weld to accommodate any move¬ 
ment due to temperature variation. The outside of the pipe is 
coated with a bituminous compound, and wrapped with jute tapes 
impregnated with the same compound. After the entire length of 
cable is laid, the pipe is filled with nitrogen at a working pressure 
of 180 lbs. per sq. in. maintained by gas cylinders connected 
to each end of the line through automatic regulating valves.®* 

In a later development the welded steel pipe is dispensed with, 
the cable being provided with two sheaths, and the nitrogen under 
pressure is contained in the space between the sheaths. The 
whole cable is surrounded with a steel spiral band capable of 
withstanding the maximum gas pressure developed. 

In the second type of pressure cable, developed during the last 
few years by various British cable manufacturers, the gas pressure 
is applied internal to the sheath. Individual designs vary to 
some extent, but the underlying principle is the same, depending 
essentially on the employment of an oversize lead sheath so as 
to provide a small annular space between dielectric and sheath, 
the latter being reinforced by non-magnetic metallic tapes to 
withstand internal pressure. Dried nitrogen is fed into this space 
from gas cylinders, and finding its way along the cable maintains 
the whole of the dielectric at a pressure of about 200 lbs. per sq in 
In operation, as the temperature rises, the compound expansion can 
be accommodated without distension of the sheath, and on cooling 
there is no possibility of void formation. For protection against 
corrosion, compounded servings are wrapped over the metallic 
reinforcement, or a second lead sheath may be used for the same 
purpose. 
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All t 3 ^s of pressure cables may be operated at much higher 
temperatures than is possible with cables of normal design. This 
is due not only to the elimination of danger from volume changes 
in the compound, but also to the development of new non-resinous 
impregnating compounds which result in low dielectric losses, and 
have a flat power factor / temperature characteristic up to tempera¬ 
tures of 80° C. There is thus no risk of thermal instability at the 
higher voltages. As working stresses of 85 kV. per cm. are used 
much thinner dielectrics are necessary, and this leads to substantial 
reductions in cable dimensions and weights. Three-core cables can 
be used on 66 000-volt systems, and single-core cables for the range 
between this voltage and 220 000 volts.^® 

It is claimed that the accessories and methods of installation 
of pressure cables are much simpler than those demanded by the 
oil-filled cable system, and no special study of the cable route 
or loading is required since differences in elevation or temperature 
changes liable to occur in practice have a negligible effect on the 
line characteristics. 

128 . Cable Acceptance Tests. —The choice of suitable tests 
for assessing the quality of high-voltage cable is a difficult problem, 
and so far no simple method seems to have been devised which 
would permit the prediction of cable behaviour in service from the 
result of tests carried out in a reasonably short time. Besides 
the routine measurements of conductor resistance, insulation re¬ 
sistance and capacitance, some or all of the following tests may 
be applied :— 

1. Voltage test. 

2. Bending test. 

3. Ionisation test. 

4. Breakdown test. 

5. Power factor / temperature test. 

6. Ageing test. 

Voltage Test .—In this test a voltage of at least twice the 
working pressure is applied to each drum length for 15 minutes. 
The value of this test is extremely limited, but it may be expected 
to show up definite weak spots in the dielectric. 

Bending Test —Bending tests, when called for, are usually 
carried out on plain lead-covered samples representative of, say, 
each 30 drum lengths. A sample with open ends and about 20 
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feet in length is bent round a cylinder of diameter 15 times the 
external diameter of the cable without twisting the cable. The 
cable is then straightened and bent round the cylinder in the 
opposite direction. After repeating the whole performance and 
finally straightening, the lead sheath must be undamaged, and the 
sample must be capable of passing the above voltage test. 

Ionisation Test ,—In this test the power factor of each drum 
length is measured at room temperature for a range of voltage 
from say 50 below to 100 7o s^-bove, the working voltage, with 
the object of seeing whether there is any development of ionisa¬ 
tion. This test, which may be regarded as a check on the 
thoroughness of the impregnation, is simple to apply, but gives 
results which are difficult to interpret. For example, the quantity 
measured is the average power factor of the drum length, so that 
it is quite possible for weak spots to exist which give rise to 
heavy local ionisation, but have not much influence on the power 
factor of the whole length. Hence, one cable may have a better 
ionisation curve than another and still be less reliable in service 
if longitudinal heterogeneity exists. Even assuming complete 
uniformity along the length, however, there is a .lack of definite 
knowledge as to what amount of ionisation is dangerous, so that 
it is difficult to draw the dividing line between cables exhibiting 
different degrees of ionisation. 

Breakdown Test .—The determination of the long-time break¬ 
down voltage (50 / 100-hours value) may be called for on repre¬ 
sentative samples, but very often figures obtained from tests 
carried out for research purposes on similar cables are accepted. 
This test may be combined with an examination for longitudinal 
heterogeneity, a whole length of cable being cut up into sections 
and tested separately for power factor before being broken down. 

Power Factor / Temperature Test .—This test may be carried 
out on representative samples, the power factor being measured 
at working voltage for a range of temperatures from room tem¬ 
perature to the maximum operating temperature of the cable. 
The variation in power factor over this range should not be ex¬ 
cessive, and the results of the test enable this to be checked and 
also provide a basis for the estimation of the dielectric losses 
under service conditions. 

Ageing Test .—This test consists in applying load cycles to a 
representative length of cable, ionisation curves being taken at 
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room temperature before commencement of the test and after each 
loading cycle. During the whole time a voltage, say 10 7o above 
normal, is applied to the cable. The maximum temperature 
attained in each cycle may be gradually increased in order to 
determine the stability limit of the cable. A short-time test 
embracing several complete cycles can be carried out in a week 
or so, although no standardisation of the test conditions has yet 
been effected. 

A long-time ageing test used by manufacturers for research 
purposes is carried out in a somewhat similar manner except that 
daily load cycles are applied for a period of twelve months or so, 
an over-voltage of from 10 % to 50 being continuously maintained 
on the cable. This test is extremely searching, particularly when 
combined with visual examination of samples cut from the cable 
to see whether any deterioration has occurred. Although such 
tests can scarcely be considered to come within the scope of com¬ 
mercial acceptance tests, figures from type tests of this character 
are a useful guide to the purchaser. 

129. Determination of Line Constants for Under^ound 
Transmission. —In the determination of line constants for 
underground cables, such factors as skin and proximity effects, 
sheath and armour losses, shape of conductors, eta, have to be 
considered. 

Skin Effect —This phenomenon has already been fully discussed 
in Art. 59, and the various formulae therein given are also valid 
in the case of underground cables. The percentage increase of 
resistance at 50 cycles and a conductor temperature of 50° / 60° C. 
can be taken as 8A^, where A is the cross-sectional area of the 
conductor in square inches. 

Proximity Effect .—The physical conditions of an overhead 
conductor and a conductor in an underground cable are quite 
different. In the latter case, the surfaces of the individual wires 
are uncontaminated, and being held closely together under load 
conditions by the increase of mechanical pressure on the conductor, 
the contact resistances between adjacent layers of wires must be 
extremely low. Spirality effect, also, must be almost completely 
eliminated. Experimental work by Arnold®^ shows that the 
increase of resistance in stranded cable conductors due to 
proximity effect can be most readily determined by assuming 
that the conductivity of the conductor to eddy currents is a 
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definite ratio of the direct-current conductivity. From the view¬ 
point of current rating it would not be safe to take the value of 
this ratio at less than 0*8. Probably the most convenient method 
of estimating the actual magnitude of the effect is by using the 
charts of proximity effect for parallel homogeneous conductors 
published by Costello,^"' but taking into account the correction 
factor given above. For practical sizes of conductors the per¬ 
centage increase in resistance at 50 cycles and 50° / 60° C. working 
temperature can be taken as 24A^(d j s'f, d being the conductor 
diameter, and s the interaxial spacing of conductors. The magni¬ 
tude of the effect is therefore relatively more serious in three-core 
cables than in single-core cables of the same size and voltage class, 
due to the closer spacing of conductors in the former case. 

Sheath and Arynour Losses .—The effect of sheath currents 
on the resistance and reactance of single-core cables has already 
been discussed in Art. 112. A similar phenomenon occurs in the 
case of multicore cables, and is further complicated by eddy 
currents and hysteresis losses in the armouring. By assuming 
certain standard values for the magnetic constants of the armour¬ 
ing, formulae have been derived for calculating all these losses.® 
Generally speaking, conductor sizes in high-voltage, three-core 
cables do not exceed 0*50 sq. in., and in this limited range the 
percentage increase of conductor resistance at 50 cycles due to 
sheath losses can be taken as 16A* and due to armour losses 
32A^ normal operating temperatures being assumed in each case. 

As regards reactance, the net effect of eddy currents and 
magnetic induction in the armouring is to increase by about 15 
the values based on the fundamental formulae for inductance 
(Art 57).®' 

Shaped Conductors .—In the case of three-core, belted and 
screened cables with shaped conductors, values of inductance and 
capacitance cannot be stated exactly, as there is no standardisation 
of conductor cross-section. Speaking generally, the inductance is 
5 °/^ to 10 °/^ less than for round conductors of the same area and 
separated by the same thickness of insulation, and the capacitance 
is increased by the same percentage. The smaller figure applies 
to the case of small conductors with large thicknesses of insulation, 
and vice versa. 

From the above discussion it will be recognised that the 
calculation of line constants is a matter of some uncertainty, 
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particularly in the-case of multicore cables, and where extreme 
accuracy is required these constants should be measured by 
A.C. bridge methods after the cable has been installed and at 
temperatures corresponding to operating conditions. 'For most 
practical purposes, however, these refinements are unnecessary. 

In order to show clearly the derivation of underground-line 
constants the following numerical examples will be taken:— 

Problem 7.—Find the constants of a 20-mile line of three single¬ 
core cables, 0*40 sq. in. (61/0*093"), circular conductors, for opera¬ 
tion at 66 000 volts, 50-cycles, three-phase. Internal diameter ef 
sheath 2*17 in., external diameter of sheath 2*47 in., thickness of 
overall serving 0*15 in. The cables are laid closely together in 
triangular formation, the sheaths being bonded at each end of 
the run. 

From wire tables the resistance of the conductor at 15*6° C. 
is 0* 104 ohm per mile, and taking the operating temperature 
as 45° C., the conductor resistance 

R = 0* 104(1 0* 004 X 29*4) x 20 

= 2*32 ohms. 

In order to determine the effective conductor resistance when 
the sheaths are short-circuited, the values of R, and must first 
be obtained. 

Assuming the temperature of the lead sheath is 30° C., its 
resistivity pa may be taken as 23*2 x 10 “ ® ohms, and the resist¬ 
ance of the sheath 

X IQ X 5 2 8 0 X 12 X 2*54 x 20 
"" ^{(2-47)* - (217)2} X 2-54 x 2-54 

= 10*6 ohms. 

The interaxial spacing {d) is about 2*77 in., and the mean 
radius of the sheath (R^) is 1*16 in., so that 

Xm = (oM 

= 0* 741a) logio 10 “ ^ X 20 

= 0* 741 X 27r X 50 X logio ^7^6 ^ IQ “ ^ x 20 

= 1*76 ohms. 
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Hence the effective value of the conductor resistance is 


•Reff =■ -R + 


XlRs 

+ X 


_ 1-76 X 1-76 X 10-6 

(10-6)* + (1-76)“ 

= 2'60 ohms. 


( 145 ) 


(The increase of resistance due to skin and proximity affects 
would be about 0’04 ohm in this case, and may thus be neglected.) 
The reactance with sheaths open-circuited would be 

X = (o- 083 + 0- 741 logio x 2Tr x 50 x 20 

= 5*48 ohms, 


but with short-circuited sheaths this is reduced to 


Xeff = Z - 


- 5-48 
= 5-43 


_ XI 
Ri^ + XI 
- 0 05 
ohms. 


(150) 


Assuming the dielectric permittivity to be 3-8, the capacitance 
0- 0388 X 3-8 


, 1- 085 

lOSTin - 

0* 418 

= 0* 356 microfarad per mile, 
from which the susceptance 

B = 0-356 X 10-6 X 27r X 50 X 20 
= 0*00223 mho. 


(135) 


Taking the dielectric power factor at operating temperature 
as 0* 005, the conductance 

(? == 0- 00223 X 0- 005 
= 0* 0000112 mho. 

Problem 8.—Find the constants of a 10-mile line of three-core, 
belted-type cable, 0*25 sq. in. (37/0* 093"), circular conductors, 
for operation at 22 000 volts, 50 cycles. Conductor-insulation 
thickness 0*225 in., belt-insulation thickness 0* 175 in. 


17 
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From wire tables the resistance of the conductor at 15'6'" C. 
is 0* 171 ohm per mile. Assuming an operating temperature of 
55° C., the increase of resistance due to skin and proximity effects 
is 1 °/o, and due to sheath and armour losses 3 (Art. 129), a 
total increase of 4 °/^. Also allowing 2 for laying up the cores 

R = 0- 171(1 + 0* 004 X 39-4) x 102 x 104 x 10 
= 210 ohms. 

The inductance calculated by the usual formula, but allowing 
for coring and 15 increase for the effect of armouring (r == 
0* 325 in. ; interaxial spacing = 1*10 in.), is 

L, = (O- 085 + 0- 741 logio x 1-02 x 1-15 (101) 

=* 0* 560 X 10 ~ ^ henries per mile, 

and the reactance is consequently 

Z = 0* 560 X 10 ~ X 27r X 50 X 10 
= 1'76 ohms. 


The capacitance is determined from Simons’ formula 

^ ^__ 0- 0486 __ 

log,,[|o- 52 (J,y' - l-7o|, + 3-84}^ + ij. (163) 


In tills case 

t _ 0_175 
T ~ 0- 225 " 
y + ( ^ 0;40 
d ~ 0-65 

and taking e as 3'8 gives 


0-78, 

= 0-62, 


a = 


0- 048 X 3-8 


logi„[{0- 316 - 1- 326 + 3-8410-62 + 1] 
= O' 415 microfarads per mile. 

Hence the susceptance is 

B = O' 415 X 10 ~ * X 27r x 50 x 10 
= 0- 00130 mho. 


(163) 


Assuming that the dielectric power factor at the operating 
temperature is O' 005, the conductance 

G = 0' 00130 X 0' 005 
= 0' 0000065 mho. 
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The derivation of the constants for three-core screened and 
S.L.-type cables follows on the same lines as above except that the 
capacitance values are calculated by the ordinary logarithmic 
formula (135). In the case of the latter type of cable the eflect 
of the separate lead sheaths on the resistance and reactance values 
can be calculated by the formulae given in Art. 112, but is fairly 
small, and can often be neglected in actual practice. 

After determining the values of resistance, reactance, suscept- 
ance and conductance as above, the auxiliary line constants are 
obtained and the calculation of an underground line is a straight¬ 
forward transmission problem, no different from that of an over¬ 
head line. In the majority of cases the electrical length of 
underground lines is quite small, and sufficient accuracy is 
obtained by using the localised-admittance methods of calculation. 
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CHAPTER X. 

UNDERGROUND CABLES—THERMAL 
CHARACTERISTICS. 

130. Methods of Laying. —Before going on to discuss thermal 
phenomena it is necessary to consider briefly the chief methods 
of laying underground cables, viz,, the direct, draw-in, and solid 
systems. 

Direct System .—This method of installation being com¬ 
paratively simple and .cheap is much favoured in modern prac¬ 
tice, the cables being laid on a bedding of riddled soil at the 
bottom of an open trench. Where more than one cable is 
laid in the same trench a horizontal interaxial spacing of at 
least 12 inches is advisable in order to reduce the effect of 
mutual heating, and also to ensure that a fault occurring on 
one cable will not damage an adjacent one. This remark 
applies, of course, to separate feeders, and not to individual 
single-core cables forming a three-phase circuit, in which case 
the three cables are usually laid as close together as possible 
in triangular formation, being bound together every few feet by 
means of tarred jute yarn. If more than one tier of cables is 
necessary, riddled soil is filled in the trench and punned down so 
as to form a solid bed at a height of 12 to 18 inches above that 
for the first tier. After the last cables have been laid, further 
riddled soil is filled in to a height of about 3 inches above their 
top surfaces, and overall is laid a continuous layer of interlocking 
tiles, or reinforced-concrete slabs. This precaution is intended to 
give warning to future excavators of the presence of cables. 
This method of laying gives the best conditions for dissipating 
the heat generated in the cables, and almost completely eliminates 
trouble due to trafiBc vibration, etc. 

Draw-in System .—In congested city areas where excavation 
is expensive and inconvenient, the draw-in system is often used. 
Ducts or pipes are laid in the ground, with manholes at suitable 
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positions and distances, and the cables afterwards drawn therein. 
The great advantage is thus secured that once the conduits have 
been laid, repairs, alterations, or additions to the system can be 
made without re-opening the ground. 

Cable ducts are usually of glazed earthenware, either in the 
form of single pipes or multi-way ducts about 3 ft. in length, and 
furnished with special spigot and socket ends. They may be 
buried direct in the ground or preferably set in concrete. Fibre 
conduits are also in use to a certain extent. These are compara¬ 
tively thin tubes made of wood-pulp saturated with asphaltic or 
bituminous compound, and are usually laid in concrete. They can 
be bent on site by warming, and are useful in situations where 
room is restricted as they can be installed at closer centres than 
the corresponding size of earthenware pipe. Steel or cast-iron 
pipes make extremely good cable ducts but high cost prevents 
their extensive use. 

The first cost of the draw-in system is rather high, and another 
disadvantage is that the current-carrying capacity of the cables 
is reduced owing to the close grouping of cables and other factors 
unfavourable for the dissipation of heat. Furthermore, cables 
drawn into ducts are more subject to longitudinal expansion and 
contraction than cables laid direct, and American practice shows 
that this may lead to severe sheath damage at the joints or at the 
point of entry from the manhole into the duct. 

Cables intended for drawing into ducts are often plain lead 
covered, as any serving increases the difficulty of installation and 
subsequent removal. On the other hand, where the relative sizes 
of cables and duct permit, served cables should be used in order to 
secure greater protection against the risk of chemical or electrolytic 
corrosion. With three-core cables it is the best practice to use 
armoured cable, with the textile covering, if any, underneath the 
armour. 

Solid System ,—In this method of laying the cables are laid 
in wood, earthenware, cast-iron, or asphalt troughs filled up solid 
with bitumen or pitch, which is poured in after being heated to 
a fluid state. Cables laid in this manner are usually plain lead 
covered, as the troughing affords good mechanical protection. 

As regards troughing material, creosoted wood has the ad¬ 
vantage of cheapness, and can be made conveniently in greater 
lengths than troughing made from other materials. Glazed 
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earthenware troughing is also largely employed, and has the 
advantage over wood that it is not liable to rot. It cannot, 
liowever, be conveniently obtained in lengths greater than 3 feet, 
so that a large number of joints are inevitable. Cast-iron trough¬ 
ing can be supplied in long lengths, but is expensive. Both the 
latter kind of troughs are usually supplied with socket ends 
whereby each length of troughing is jointed with the next. 
Asphalt troughing appears to be very suitable for a solid system 
as it is easily laid, and can be jointed into one homogeneous 
length. 

Cables laid in troughing are supported every few feet on in¬ 
sulating bridge pieces or saddles, so that the filling-in compound 
entirely surrounds the cables. Hard asphalt is a very suitable 
material for these saddles, as under proper conditions of trough 
filling the surfaces which come into contact with the hot fiOiling 
compound are melted, and in cooling the whole forms a practically 
homogeneous mass. Asphalt troughing has the advantage of not 
requiring any saddles. 

After the filling material, which should preferably be pure 
bitumen, has been run in, a covering, which may be of bricks, 
tiles, or wood, is applied to the trough. In the case of cast-iron 
or asphalt troughs, however, the cover is usually of the same 
material as the trough. 

This method of installation is little used nowadays as it is 
more expensive than the direct-laid system, and more dependent 
for its success on skilled supervision and favourable weather con¬ 
ditions whilst the job is proceeding. Furthermore, the facilities 
for heat dissipation from the cables are distinctly poor. 

131. Fundamental Thermal Phenomena in Buried Cables. 
—The current-carrying capacity of high-voltage cables may be 
governed by economic laws or considerations of temperature rise, 
but the latter factor is the more important since it establishes 
a definite physical limit to the current rating. In some cases, 
therefore, economic current densities cannot be realised in practice 
owing to the excessive heating of the dielectric which would be 
caused. On account of their high cost it is most important that 
cables should be loaded up to their safe limit, and a great deal of 
research work has been done in recent years to establish safe 
current-carrying capacities. In Great Britain, this work has 
been carried out under the agia of the British Electrical and 
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Allied Industries Research Association (referred to hereafter as 
E.RA.). Reference should be made to the reports and tables of 
current ratings published by the Association by all who are desirous 
of pursuing the subject further than is possible in the limited confines 
of the present work.^» ^ 

In general, when an electric cable is carrying current there are 
three sources of heat, viz.y the PR losses in the conductors, the 
dielectric losses and the sheath losses. Both the two latter 
sources being of secondary importance they will be ignored in 
the following preliminary discussion of the subject. 

In the determination of current-carrying capacity as limited 
by temperature rise, methods of calculation are based on the 
fundamental theory of heat transmission in the steady state. A 
cable carrying no load and laid, for example, direct in the ground 
assumes the temperature of the soil at the depth at which it is 
buried. On passing current through the cable, heat is generated 
in the conductors and flows through the dielectric, lead sheath, 
protective coverings and soil, raising the temperature of these 
various elements of the heat path until a steady state has been 
attained. The heat dissipated is then equal to that generated, and 
the case is analogous to that of an electric current flowing through 
resistances in series, heat flow corresponding to current and tem¬ 
perature difference to potential difference. Thermal resistance 
values can thus be conveniently expressed in thermal ohms, this 
unit being the resistance of a path through which a temperature 
difference of 1 degree C. produces a heat flow of one watt 
(one joule per second). Similarly, the thermal resistivity of any 
material is the temperature drop in degrees C. produced by the 
flow of one watt between opposite faces of a centimetre cube of 
the material, and the thermal resistance of any heat path is the 
temperature difference across it in degrees C. per watt transmitted. 

Applying these principles to the case of a buried multicore 
cable, the temperature rise may be expressed mathematically as 

0 = Il{& + G), .... (166) 

where 6 = temperature rise of conductors in degrees C., 

H = total heat developed in conductors in watts, 

S = thermal resistance between conductors and outer surface 
of cable in thermal ohms, 
and 0 = thermal resistance of ground path. 
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The total heat generated in the cable is 

H = nPR^, .... (167) 

where I = current per conductor, 
n = number of conductors. 

and Rs = resistance of each conductor in ohms at working tem¬ 
perature corresponding to the temperature rise 0, 

both skin and proximity effects being taken into consideration 
when necessary. Substituting this value of H in (166) gives 

^ “ V nRe(S + Qy • • • 

Supposing, therefore, that the values of S and 0 are known, 
the steady-state current loading of the cable can be calculated for 
any particular temperature rise, and final temperature. 

In case it should be necessary to take dielectric losses into 
consideration the total heat generated in the cable 

H = nPR^ + Frf, . . (169) 

where = dielectric loss in watts per phase. 

In actuality the dielectric losses are distributed throughout the 
dielectric, but to be on the safe side they may be assumed to be 
concentrated at the conductor surface, so by substitution again in 
(166) 

/ = 

The method of taking sheath and armour losses into account 
will be deferred until the case of single-core cables has been 
considered. 

In the above formulae it is immaterial to what length of cable 
the quantities R^, S and 0 relate, so long as consistency is 
observed. It is customary, however, to express S and 0 in terms 
of one centimetre length of cable, so Re and must therefore 
apply to the same length. 

Formulae (168) and (170) apply to all types of multicore cables, 
but require modification before they can be employed for the cal¬ 
culation of current loadings for single-core cables owing to the 
mutual heating effect of the three cables forming a complete trans¬ 
mission circuit, and the heavier sheath losses. A treatment of this 
case will be given later. 


4 


e - + (?) 

nRJS + O') 


(170) 
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132. Thermal Resistance of Single-core Cables. — The 

formula for the thermal resistance between conductor and sheath 
of a single-core cable can easily be obtained as follows:— 

Considering the thermal resistance of a length of cable one 
centimetre long to be the sum of the thermal resistances of successive 
layers of insulation, there may be written 


dS' = 


27rx’ 


where dx is the thickness, and 2ira: the area, of a cylindrical element 
of radius x (Fig. 78 (a)). K is the thermal resistivity in thermal 
ohms, i.e. the temperatime difference in degrees 0. between opposite 
faces of a centimetre cube to cause transference of one watt of heat. 
From the above 

KCi^dx 

27rJ/a;’ 

K R 

= log« ^ thermal ohms per cm. . . (171) 



As regards the value to be taken for K in the above formula, 
the figure recommended by the E.RA. for all types of paper-insulated 
cables for pressures above 1 500 volts is 550 thermal ohms. Sub¬ 
stituting this value, and converting to practical units 

S' = 202 logio f. . . . (172) 

(An analogous formula can be obtained in the case of cables for 
pressures of 1 500 volts or under, where the standard value of 
thermal resistivity is taken as 750.) 

Fig. 78 (5) shows the lines of heat flow and isothermal lines in 
a single-core cable. 
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Where the cable is served with hessian tapes, 3\ite yarn ox 
other textile coverings, the thermal resistance S may be con¬ 
sidered as made up of two portions, S' and S'\ such that 
S =^8' + S", 

where S' = thermal resistance between conductor and sheath, 
and S" = thermal resistance between sheath and external 
surface of cable. 

The thermal resistivity of lead itself is only about 2*9, and so 
the influence of this portion of the heat path on the temperature 
rise can be neglected. The thermal resistance of the protective 
covering is then 

S" = ^ log* ^ thermal ohms per cm., . (173) 

2i7r 

where R 2 = external radius of protective covering 
and = external radius of lead sheath. 

The value of can be taken as 500 so that in this case, con¬ 
verting to practical units, 

R 

S" =* 183 logio thermal ohms per cm., . (174) 

133. Thermal Resistance of Three-core, Belted-type 
Cables. —The derivation of a satisfactory theoretical formula for 
the thermal resistance of three-core, belted-type cables is a matter of 
some diflEiculty. Both Russell ^ and Mie ^ have given solutions for 
cables with circular conductors, but owing to various approxima¬ 
tions introduced in the mathematical work there is a considerable 
difference between results obtained by the two methods of calcula¬ 
tion. With both formulae the error is small for the case of 
extremely small conductors and extremely thick insulation, but 
over the practical range of cable dimensions there are serious 
divergences. It is interesting to note that Russells formula gives 
values of thermal resistance which are too high, and Mie’s formula 
gives results too low. 

Since neither of the theoretical formulae mentioned are satis¬ 
factory it has been necessary to fall back on experimental work 
for a solution of the problem, and Simona ^ has developed a graphical 
method of correcting the error in Mie’s formula. From results 
based on this method it is found that the thermal resistance between 
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conductors and sheath of three-core, circular-conductor, belted-type 
cable is 

« - t) '“s- L(8'3 - -T-)-sr * 'J 

thermal ohms per cm., (175) 

where t — belt-insulation thickness, 

T = conductor-insulation thickness, 
and d == conductor diameter, 

all in the same units. 

If K is taken as 550, the above formula may be written in 
practical form as 

CT/ , r/„ ^ 2'2t\T + t 

S = ^57 1 H- j, j logio 3-j, j + 1J 

thermal ohms per cm. (176) 

A direct check of formula (175) by measuring the thermal 
ohms per cm. temperature rise of actual cables is impracticable as 
there are two unknowns: (1) The thermal resistivity K of the 
dielectric (which is liable to considerable variation in practice), 
and (2) a factor which depends on the cross-sectional dimensions of 
the cable and is known as the ‘‘geometric factor.'’ Neither K 
nor the geometric factor can thus be obtained without a knowledge 
of the other. 

Fortunately, other experimental methods are available for 
determining the geometric factor, these methods being based on 
the close relationship between the theories of heat, electrostatics 
and current flow, established in Table 13. 

Table 13 .—Analogy between Thermal, Dielectric, and Electric 

Circuits. 


Thermal Circuit. 

Dielectric Circuit. 

Electric Circuit. 

Thermal flux 

Dielectric flux 

Current 

Thermal resistance 

Elastance 

Resistance 

Temperature difference 

Potential difference 

Potential difference 


This analogy is found to be exceedingly useful when dealing 
with multicore cables. Thus, supposing that the conductors of 
a multicore, belted-type cable are bunched together and an alter¬ 
nating pressure applied between conductors and sheath, then 
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the path taken by the dielectric flux is also the path taken by the 
leakage current and the heat generated in the conductors. Also 
the equipotential lines and isothermal lines are coincident. 

Hence if 

S' = thermal resistance, 

R = insulation resistance, 
and C = capacitance, 

all these values being for the arrangement of the three conductors 
against the sheatli and for the same length of cable, it can easily 
be shown that 

^ _ GttS' iSirR Se 

“ ~ir “ " 7 “ ~ W 

where the geometric factor 

and K, p and € are respectively the thermal resistivity, volume 
resistivity and permittivity of the dielectric. 

Although it thus appears possible to use two other methods of 
obtaining G, viz. by measurements of R or C\ the same dilemma 
is reached if measurements on actual cables are attempted owing 
to unknown variation in the values of p and e for impregnated 
paper when forming part of a cable structure. 

The difficulty is avoided by the use of cable models in which 
the dielectric is represented by a material whose electrical constants 
are accurately known. From principles of symmetry the models 
can be of any convenient size, provided that the cross-sectional 
dimensions are proportional to those of the actual cable. 

In practice, different methods of carrying out measurements 
have been employed. Thus Atkinson® and Sachetto^ have 
measured the ohmic resistance between three symmetrically- 
spaced tubes representing the three conductors, surrounded by a 
fourth tube representing the sheath, all immersed in electrolyte. 
The former has also employed other models consisting of sheets of 
tinfoil on which were soldered three copper rings to represent the 
conductors, surrounded by a fourth ring representing the sheath. 
In connection with the E.R.A. research, an electrostatic model was 
constructed with air as dielectric and measurements of capacitance 
made. Probably the resistance methods are the most convenient 
in practice, and have the advantage that the field distribution 



250 


ELECTRIC POWER TRANSMISSION 


between conductors and sheath can be completely mapped out. 
Fig. 79, for example, shows the lines of heat flow and isothermal 
lines in a typical three-core cable, this diagram having been 

obtained by exploring the dis¬ 
tribution of electric potential in 
the electrolytic type of model. 

It is satisfactory to note that 
the values of thermal resistance 
derived from the various experi¬ 
mental methods described above 
are in close agreement with those 
calculated by formula (175), so 
that full confidence can be placed 
in the latter. 

In the case of three-core, 
belted cables with shaped con¬ 
ductors, the thermal resistance 
between conductors and lead is 
substantially less than for circular conductors of the same area 
(diameter = d)^ and having the same thickness of insulation. 
Approximate correction factors for S' are given in Table 14. 



Fig. 79.—Lines of heat flow and iso¬ 
thermal lines in three-core, belted- 
type cable. 


Table 14. —Approximate Correction Factors for Thermal 
Resistance (S') of Three-core, Belted-type Gables with 
Shaped Conductors, 


T+ t 

d * 

Correction Factor. 

T + t 
d 

Correction Factor. 

0-10 

0-58 

0-60 

0-80 

0-20 

0*67 

0-60 

0*82 

0-30 

0-73 

0-70 

0-84 

0-40 

0-77 

1 

0-80 

0-86 


However, owing to the fact that the smaller overall diameter of 
a shaped-conductor cable involves a corresponding increase in the 
thermal resistance external to the cable, the increase in current- 
carrying capacity of this type of cable in situ is usually negligible. 

The thermal resistance S" of the protective covering of a three- 
core cable is calculated by an analogous formula to that given in 
connection with single-core cables (Art. 132). It is only necessary 
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to take into account the thermal resistance of the textile wrappings 
—bedding or serving as the case may be—as the temperature drop 
through the sheath and any metallic armouring is relatively 
insignificant. 

134. Thermal Resistance of Screened and S.L.-type Cables. 

—Although the metallic layers round the cores of screened cables are 
extremely thin, their high thermal conductivity—in the case of 
aluminium 1 100 times, and in the case of copper 2 000 times, that 
of impregnated paper—improves the heat dissipating properties of 
the cable very considerably. Heat flowing outwards from the 
conductors arrives at the screens, and has then two paths by which 
it may reach the sheath: (1) Circumferentially along the screens, 
and (2) through the fillers. No satisfactory theoretical method of 
calculating the thermal resistance for this type of cable has yet 
been established, although Simons ® has given a rigid solution on 
the assumption that all the heat is transmitted along the screens. 
Where the screens are composed of 3-mil. copper tape Simons' 
formula gives reasonably accurate results, but with 1'5-mil. 
aluminium-foil screens neglect of the alternative heat path through 
the fillers introduces serious errors. An ingenious method of 
correcting for these errors has been given by Beavis,® which 
is probably the best treatment of the problem from a theoretical 
point of view. 

On the whole, however, it seems preferable to establish thermal 
resistance values by means of experimental work. In connection 
with this, it is interesting to note that in screened cables the electric, 
dielectric and thermal paths between conductors and sheath are not 
analogous, owing to the fact that the screens, although equipotential, 
are not isothermal, surfaces. The difficulty is avoided by using 
electrical resistance networks as cable models, as in this case by 
suitable design similarity can be secured between current flow in 
the model and heat flow in the cable. Errors due to the variation 
of dielectric thermal resistivity in actual cable samples are also 
avoided. The results of some work of this character, carried out 
by the author, show that the reduction in thermal resistance 
between conductors and sheath depends on such factors as the size 
of conductor, relative thickness of insulation, thickness and material 
of screens, etc. With practical sizes of cable the reduction with 
l*5-mil. aluminium-foil screens is 15 to 30 °/^, and with 3-mil. 
copper-tape screens 30 to 45 Thermal resistance charts have 
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been given for practical sizes of cables, but failing these the 
thermal resistance between conductors and sheath of screened 
cables (K = 550) can be calculated by the following formula :— 


Vb-mil. Aluminium-foil screens. 
S - ^571 ^ y 




(1 + T)(0-40 + A) 


Z-mil Copper-tape screens. 

S' = ^5" ' ® 


57-1 - 


thermal ohms per cm. (177) 


(1 + r)(l-15 + A) 


).o.. (?#.:) 


thermal ohms per cm. (178) 


where T = conductor-insulation thickness, 

and d = conductor diameter, 


both in the same units, 

and A = sectional area of conductor in sq. ins. 

These formulae apply to the case of cables with circular con¬ 
ductors. Corresponding values for screened cables with shaped 
conductors may be calculated from data published in the latest 
E.RA report,*^ but—as in the case of belted cables—the decrease in 
internal thermal resistance due to conductor shape is found to be 
more or less negatived by the increase in external thermal resist¬ 
ance due to smaller overall diameter of the cable. Hence, the 
current rating of shaped-core screened cables can be determined in 
practice by calculating the current-carrying capacity of the equi¬ 
valent circular-conductor cable, i.e. a cable having the same sectional 
area of conductor, and same insulation thickness. 

The calculation of the thermal resistance of the protective cover¬ 
ing with either type of cable is carried out as described in connec¬ 
tion with belted cables. 

The S.L.-type of cable is not quite analogous to the screened 
cable from a thermal point of view, as the metallic sheaths round 
the individual cores are not in direct contact with the outer iso¬ 
thermal layer formed in this case by the armouring. There are 
the following elements of the thermal path to be taken into con¬ 
sideration : (a) conductors to sheaths, (h) sheaths to armouring, and 
(c) protective covering. There is no doubt that owing to the sub¬ 
stantial character and isolation of the sheaths they may be con¬ 
sidered for all practical purposes as isothermal surfaces, and hence 
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(a) may be considered as the thermal resistance of three single-core 
cables arranged in parallel. The thermal resistance (b) between 
sheaths and armouring may also be calculated by the following 
modification of Simonas formula :— 

S" = 64*2 logio thermal ohms per cm., (179) 

d' now being the external diameter of each lead sheath, and f the 
thickness of taping between sheaths and armouring. In thfs for¬ 
mula the thermal resistivity of the filling material and tapes 
over the lead-covered cores is taken as 500. The only remaining 
part of the path is (c), which is formed by the serving, and does 
not present any diflSculties, being calculated by a suitable modifica¬ 
tion of formula (174). 

135. Thermal Resistance of Ground Path. —When a cable is 
buried direct in the ground, the heat flow external to the cable is 
subject to the same laws that apply to the flow through the cable 
itself. It is thus dependent on two factors, the thermal resistivity 
of the soil and the lines of heat flow from the cable. 

The thermal resistivity of the soil depends largely upon the 
amount of moisture present, and partly upon the type of soil. 
Both these factors are liable to wide variation from point to point 
along the cable route, particularly in city areas, and an idea of 
the range of values that may be found in practice are given in 
Table 15. The important influence of varying moisture content on 

Table 15.— Thermal Resistivity and Moisture Content of 
Various Types of Soil. 


Type of Soil. 

Moisture Content. 

Thermal Resistivity. 

Clay . 

20-26 ^1^ 

80-160 thermal ohms 

Sandy loam 

10-16 % 

90-130 

Gravel 

4-8 °/o 

60-100 

Sand . 

4-12 7 , 

70-110 

Chalk 

15-20 7o 

90-140 

Made-up soil 

12-22 7^ 

90-140 


certain types of soil is also shown in Fig. 80, but here again there 
are considerable variations in the thermal characteristics of soils 
nominally of the same type, and the curves given are strictly ap¬ 
plicable only to the particular samples tested. In general, it is 










254 


ELECTRIC POWER TRANSMISSION 


found that the nature and moisture content of soils likely to be 
met in cable-la 3 dng practice are such as to limit the range of thermal 
resistivity to values between 70 and 160. In anticipation of later 
remarks it should be stated that all values mentioned above are 
those obtained by “box” methods in the laboratory. 

As regards the path taken by the heat dissipated from the cable, 
two theories have been put forward. Kennelly^^ assumes that the 
surface of the ground above the cable is a plane isothermal, imply¬ 
ing that all the heat is ultimately transmitted to the surface of the 
ground, which, being in contact with free air, remains at a uniform 



Fig. 80.—Thermal resistivity of soil. 


temperature. On this assumption it can be shown that the thermal 
resistance of the ground path 
q 21 

^ log# ^ thermal ohms per cm., . (180) 

where g ~ thennal resistivity of the soil, 

I ~ depth of cable axis below surface of ground, 
and = overall radius of cable (supposed small in comparison 

with Z). 

According to Apt^^ the effect of the earth surrounding the 
cable can be considered to be equivalent to that of a cylinder of 
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material equal in resistivity to the soil, and having a radius equal 
to the depth of the cable axis below the surface of the ground On 
this assumption the cable is surrounded by a series of concentric 
isothermals and 

G = — log, 4" thermal ohms per cm. . (181) 

Experimental work with buried cables seems to show that 
neither of the above theories are completely satisfactory, but that 
the effect of varying depth is represented much better by formula 
(180). It is found, however, that soil resistivity values determined 
by the usual laboratory methods must be multiplied by a correction 
factor of two-thirds in order to obtain correlation between calculated 
and measured values of current-carrying capacity. More recently, 
methods of measuring the thermal characteristics of soil in situ 
have been evolved, and it appears that the necessity for this correc¬ 
tion factor is due to errors which are inherent to box methods of 
testing using disturbed soil. If these improved methods of measure¬ 
ment are adopted there is no need for any correction factor. 

In the preparation of current-rating tables it is desirable to 
allow for the worst conditions likely to be met with in practice, and 
for this purpose the actual thermal resistivity of the soil is taken as 
120 (box value == 180). Substituting in formula (180), therefore, 
the thermal resistance of the ground path under standard condi¬ 
tions is 

21 

G = 44 logio ^ thermal ohms per cm. , (1^2) 

The influence of soil resistivity and depth of laying on the 
current-carrying capacity of a cable depends on the relative values 
of the thermal resistances external and internal to the cable. For 
high-voltage, three-core cables laid under normal conditions, 0 may 
vary between 1 to 3 times the value of S. Hence, if the thermal 
resistivity of the soil is reduced from 120 to 60, the current- 
carrying capacity can be increased by 15 7o 30 Variations 
in the depth of laying within reasonable limits affect the permis¬ 
sible loading to a comparatively small extent. The reduction in 
rating due to increasing the depth of laying from 3 ft, to 6 ft., for 
instance, would be about 8 

136 , Grouped Cables Laid Direct in the Ground.— Hitherto, 
only cables laid singly have been dealt with, but the more important 
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case in practice is where two or more cables are laid together in 
the same trench. In such circumstances, the rating of each cable 
must be reduced on account of mutual heating by the ratio, 

permissible temperature rise of cable when ruiming 
alone, 

temperature rise due to diffusion from neighbouring 
cable or cables. 

For instance, consider the case of two similar cables lying in 
the same horizontal plane with their axes at a depth of I cm. below 
the ground surface. The temperature rise of one cable due to its 
own losses is 

e, = H{S + G), 

and if the inter-axial spacing is x cm., x being fairly small in com¬ 
parison with Z, the temperature of the isothermal passing through 
one cable due to the heat generated in the other is 

- >^{.1 '»<=•!) 

= HQ,, 

Hence, substituting in (183) the reduction factor due to group¬ 
ing is 

^Is +~G +~0~- • • • 

The same grouping factor can be applied without serious error 
to the case where the cables are in any other plane, provided again 
that X is fairly small, as the isothermals at short distances from the 
cable surface are sensibly concentric. A reduction factor for three 
or more cables laid together is similarly derived, G, in this case 
being the sum of a series of terms like the last term in the expres¬ 
sion for 6,, By assuming standard conditions of installation it has 
been found possible to derive curves giving approximate grouping 
reduction factors for all types of cables laid either in tier or hori¬ 
zontal formation, and covering all spacings likely to be met in 
actual practice. Average values of k for two cables would be 0’90 
for 18-inch spacing, 0*88 for 12-inch spacing, and 0*86 for 6-inch 
spacing. 


where 0^ = 
and 0, = 
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For exceptional conditions not covered by the curves it will be 
found better to calculate current ratings by the direct method. By 
combining formulae (168) and (184) the current-carrying capacity 
of a cable when forming one of a group laid together is 

^ + (? + (?.)’ • • 

where G* is the apparent thermal resistance due to mutual 
heating. 

Care should be taken to select the cable least favourably placed 
for heat dissipation as the basis of calculations. For example, if 
two tiers of cables are laid, one of the bottom-tier cables would be 
chosen, and if more than two cables are in the same tier, one of the 
inner cables. 

137 , Current-carrying Capacity of Cables in Air. —It is 

convenient to discuss the current loading of cables in air before 
considering the case of cables drawn into ducts. The total amount 
of heat dissipated from the surface of a cable suspended in air 
may be expressed as watts per sq. cm., where 0^ is the tem¬ 
perature rise of the cable surface in degrees C., and /i, in watts 
per sq, cm. per degree C., is a constant embodying convection, 
radiation, and conduction effects, and also the effect of mutual 
heating where more than one cable is run together. The apparent 
external thermal resistance of the cable is, therefore, given by 

^ o—thermal ohms per cm. (186) 

i^TT g* 

where R 2 is the overall diameter of the cable in centimetres. The 
general method of calculating current-carrying capacity is then 
similar to that used for buried cables, except that the term G in 
formula (168) is replaced by A, 

Careful experiments at the National Physical Laboratory have 
established values of h for various sizes and arrangements of cables, 
and both with black and bright surfacea As might be expected h 
has its highest value for the case where a cable with black surface 
is run singly, being about 0* 00046 for a cable with an overall 
diameter of 3 inches. For the most unfavourable case investigated, 
where three cables with bright surfaces were run together in trefoil 
formation and touching throughout, the corresponding value of h 
was 0* 00022. It was foimd that h depended also on the overall 
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diameter of the cables tested, varying inversely as the Titli root, n 
having a value between 5 and 10 according to the number of cables 
involved and their arrangement. This variation in h is, however, 
only of significance in the case of cables of small diameter. For 
cables between 1^ and 4 inches overall diameter—which practically 
covers the entire range of high-tension cables —h may be taken as 
substantially constant. 

The practical formulae for external thermal resistance of cables 
given in Table 16 have been derived from the N.P.L. data. In 
connection with these formulae it should be noted that values of h 
for unserved cables—plain lead-sheathed or bare-wire armoured— 


Table 16 .—External Thermal Besistance of Cables in Air. 


Arrangement of Cables. 

Thermal Resistance in Tliermal Ohms per cm. 

Served Cables. 

Unserved Cables. 


133 

163 

Single cable 



Two cables touching 

157 

184 

R.e.i 

R^fi 

Three cables in flat forma¬ 

174 

202 

tion touching 



Three cables in trefoil for¬ 

216 

241 

mation touching 


«».* 


have been taken at the mean between black and bright surface 
conditions, and in the case of served cables h has a value corre¬ 
sponding to the black condition. In all cases must be expressed 
in incli units. 

When using the formulae, 6^ must be taken at an assumed 
figure, say two-thirds of the permissible temperature rise 9 of the 
conductor, and the approximate value of A calculated 6^ is then 
corrected from the relation 




OA 
S + 


(187) 


and a final calculation of A made if necessary. 

A cursory examination shows that the approximate rating re¬ 
duction factor due to grouping is 95 for two cables run together 
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touching, and 85 7o three cables run together in trefoil forma¬ 
tion and touching. Cables run with a minimum spacing of 3 in. 
between adjacent surfaces suffer no appreciable reduction of rating 
due to grouping, but where a large group of cables are run together 
in situations where there is no free ventilation conditions are rather 
different. The reduction of rating necessary in this latter case is 
best taken into consideration by fixing a higher ambient air tem¬ 
perature, and thus reducing the permissible temperature rise of the 
conductors. Cables run outdoors should naturally be screened from 
the direct rays of the sun or a serious diminution of rating will be 
involved, but the method of screening should be such that no 
ventilating restrictions are imposed. 

Generally speaking, cables in air have a greater carrying 
capacity than when laid direct in the ground. An increase of 
5 to 15 for multicore cables, and rather more in the case of 
three single-core cables run together, is often possible, the com¬ 
parison being made on the same basis as regards temperature 
conditions. 

138 . Cables Drawn into Ducts.—The rating of cables drawn 
into ducts presents a more diflScult problem than that of cables laid 
direct in the ground owing to the greater complexity of the thermal 
path. In the simplest case—one cable in an isolated single-way 
duct—the thermal resistance exterior to the cable can be divided 
into three parts: (a) outer surface of cable to inner wall of duct, 
( 6 ) inner wall of duct to outer wall of duct, and (c) outer wall of 
duct to surface of ground. Both ( 6 ) and (c) can be calculated by 
means of formulae of the type previously developed, but the deter¬ 
mination of (a) is a matter of more uncertainty, depending as it 
does on heat losses by radiation, convection, and conduction. How¬ 
ever, by assuming typical values for the emissivities of cable and 
duct surfaces, eccentricity of cable in duct, etc., it is possible to 
calculate from theoretical principles the thermal resistance of this 
part of the path, and hence the total thermal resistance external 
to the cable. Reference should be made to the latest E.R.A. report ^ 
for full details, but it may be stated that the method is rather 
tedious. In actual practice sufficient accuracy is obtained by taking 
the current rating of a cable in a single-way duct as 85 of that 
applicable to the same cable when laid direct, similar conditions of 
initial temperature and temperature rise being assumed in each 
case. 
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The case of a cable drawn into a multiway duct or group of 
single-way ducts, either alone or with loaded cables in the adjacent 
duct ways, is too involved for mathematical treatment. Neverthe¬ 
less, as a result of experimental work, both with actual duct systems 
and duct models, it has been possible to derive approximate ratings 
for a group of cables not exceeding nine in number. It is assumed 
that standard multiway ducts are employed, or in the case of single¬ 
way ducts that they are arranged as compactly as possible, that the 
diameter of the duct ways is 4 in. or 5 in., and that the cables are 
similar and equally loaded. The rating of a single cable drawn 
into such a duct system can be taken as 80 of that applicable 
to the same cable when laid direct under the same temperature 
conditions. When more than one loaded cable is run together 
in the duct system, the rating for a cable running alone must 
be multiplied by the appropriate reduction factor given in 
Table 17. 

Table 17.— Approximate Reduction Factors for Loading of 
Gables Run Together in Ducts at Close Spacings. 


2 Cables . 

. 0*92 

6 Gables . 

. 0'70 

3 „ 

. 0*84 

7 „ 

. 0*66 

4 „ . , 

. 0-79 

8 , 

. 0*63 

5 „ 

. 0-74 

9 „ . . 

. 0*60 


In cases where cables are drawn into special arrangements of 
ducts having wider spacings there will naturally be some ameliora¬ 
tion of rating, and the figures in Table 17 can then only be taken 
as limiting valuea 

139. Cables Laid on the Solid System. —There is not much 
information available on the current-carrying capacity of cables 
laid solid owing to the comparative infrequency of this method of 
installation. Generally speaking, the facilities for heat dissipation 
are not so good owing to the comparatively high thermal resistivity 
of the bitumen trough-filling compound; pure bitumen having a 
thermal resistivity of about 500. For all practical purposes the 
current rating can be taken as 90 % of f^e rating for the same 
cable laid direct in the ground {g = 120). Grouping factors are 
also usually higher, since all the cables nm in one trough must be 
laid quite close together. 
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140* Submarine Cables* —For such situations no thermal re¬ 
sistance external to the cable need be assumed as the water maintains 
the outer surface at base temperature. Hence, the current-carrying 
capacity is much higher than for cables laid direct in the ground, 
increases of 40 to 100 in the rating being possible. 

141. Current-carrying Capacity of Single-core Cables.— 
In the case of power transmission by single-core cables mutual 
heating ^.nd sheath losses must be taken into account, and at the 
higher voltages there is also the question of dielectric losses. In 
the following discussion it will be assumed that the dielectric losses 
are concentrated at the conductor surface, so that the heat generated 
by these losses and the PR losses flows through the complete 
thermal path. The loss generated in the sheath afiects, of course, 
only that portion of the path external thereto. Hence, the funda¬ 
mental equation for the temperature rise of a circuit of single-core 
cables laid direct in the ground is 

0 = (PRe + Wa)S' + {PRe(i + p) -f + G + G*) (188) 

and the current-carrying capacity 


4 


0 - W^(S' + S" + G + GJ 
Re{S' + (1 + p){S'' + G + GJ}’ 


. (189) 


where 0 = temperature rise of conductor in °C., 

Rq ~ resistance of conductor in ohms at working temperature 
corresponding to temperature rise 0 (skin and proxi¬ 
mity effects included), 

Wa = dielecti-ic loss in watts per phase, 
p = ratio between sheath losses and conductor losses, 

S' — thermal resistance between conductor and sheath of one 
cable, 

8" = thermal resistance of protective covering, 

G = thermal resistance of ground path, 
and G* = apparent thermal resistance due to mutual heating. 


In the case of one feeder laid direct in the ground with the 
three cables touching each other 

■ ■ ■ • 

TT It2 

where 22., is the overall radius of each cable. Where more than 
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one feeder is laid in the same trench Og^ must be extended to include 
the eiSect of all the other individual cables. 

For single-core cables run in air 


yRe\~S' + (1 + ~ATr 


(191) 


the correction for mutual heating in tliis case being incorporated in 
the appropriate value of A derived from Table 16. If the cables 
are plain lead covered, as is often the case for this method of 
installation, S" = 0. 

The current-carrying capacity of single-core cables in ducts 
can be determined by the application of the methods given in 
Art. 138. 

For cables operating at voltages lower than 66 kV. the effect 
of dielectric losses on the rating is usually negligible and the term 
involving can then be eliminated from the above formulae. 
Similarly, for cases where open-circuited sheaths may be used, 
such as short runs of cable in buildings, p may be taken as equal 
to zero. 

142. Maximum Permissible Temperature for Cables.— 

Methods of calculating the current-carrying capacity of cables 
installed under various conditions have now been described, and 
there remains to be settled the question of operating temperatures. 
A considerable amount of research has been carried out to deter¬ 
mine the temperature to which cables can be subjected for long 
periods without damage. As regards the insulating material 
it is well known that at sustained temperatures of the order of 
100° C. impregnated paper suffers injury to its mechanical and 
electrical properties, and the dielectric losses which are increased 
at these temperatures may lead to rapid deterioration. Hence, 
so far as the properties of the dielectric are concerned, a maxi¬ 
mum temperature of 80° to 85° C. should not be exceeded. It is 
necessary, however, to take into consideration the expansion and 
contraction effects and consequent mechanical strains on cables 
subjected to alternate heating and cooling. Taking the following 
coefficients of expansion, 


Copper . . 16*8 X 10“ ^ per degree C. 

Lead . . . 27*5 x lO""® „ ,, ,, 


the actual expansion per 100-yard length of cable for a 50° C. 
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rise would be about 3 ia for copper and 5 ia for lead. It should 
be borne in mind, however, that the lead sheath undergoes less 
temperature variation than the conductor, the sheath temperature 
rise in high-voltage cables being from one-third to two-thirds of 
the temperature rise of the conductor. Hence, the lower tem¬ 
perature rise of the lead compensates to some extent for its higher 
coefficient of expansion, and the actual differential expansion of 
the two metals may be smaller than would be indicated by the 
above figures. 

In practice, with cables laid direct in the ground the longi¬ 
tudinal expansion of the cable rarely gives any trouble, but when 
the cables are installed in ducts the possibility of longitudinal 
movement is much greater. Hence, the temperature limits must 
be kept to reasonable figures, and care must be taken with the 
layout of cables and joints at all jointing positions so as to ac¬ 
commodate this movement without damage. This is particularly 
important when the cable is unarmoured owing to its greater 
susceptibility to damage at the point of entry into the ducts. 

There is also the effect of temperature rise on the physical and 
electrical constants of the impregnating compound to be considered. 
At high temperatures the viscosity of the compound suffers serious 
reduction, and drainage may occur from the higher sections of 
cables laid on gradients. Excessive differential expansion effects 
between compound and sheath will also result in void formation 
under partial vacua when load is removed, with consequent risk of 
ionisation troubles. Also, with cables for the highest voltages 
there is the danger of thermal instability due to steep increases in 
the dielectric losses. 

Consideration of the above phenomena leads to the conclusion 
that it is necessary to adopt somewhat different temperature limits 
according to the t 3 q)e, voltage class, and method of installation, of 
the cable. 

It is readily seen that the question of operating temperature is 
not an easy matter to settle, but a maximum conductor tempera- 
ture of 70° C. for cables of normal construction has been finally 
adopted by the Cable Makers’ Association. This figure applies to 
the case of cables for pressures below 11 kV., the cables being laid 
direct in the ground or in air. At higher voltages or with cables 
laid in ducts, lower maximum temperatures are adopted, and a 
certain amount of differentiation is also made between belted 
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cables and those of other types. The basic values of maximum 
operating temperature now in use are given in Table 18. With 
cables having special dielectrics or operated under special con¬ 
ditions, such as oil-filled cables or pressure cables, the maximum 
conductor temperature can be raised to 75° C. except for the case 
of unarmoured cables drawn into ducts. 

The permissible temperature rise of a cable depends on the 
value taken for the initial or base temperature. In the case of 
buried cables a standard temperature of 15° C. has been adopted 


Table 18. — Maximuvi Conductor Temperatures for Paper- 
insulated Gables, 



Cables Laid Direct in the 

Cables Laid in Ducts. 

Voltage. 

Ground, and in Air. 





Single- 

Screened 



Screened 



Belted. 

and 

Belted. 

Single-core. 

and 



core. 

S.L.-type. 


S.L.-type. 

Below 11 kV. 

70° 0. 

70° C. 


70° C. (A) 
50° C. (U) 

50° 0. (U) 


11 kV. 

65° C. 

70° C. 

70° C. 

65° C. (A) 

50° C. (U) 

70° C. (A) 

22 kV. 

55° C. 

0 

p 

05° C. 

50° 0. (U) 
55° C (A) 

50° 0. (U) 

50° 0. (U) 
65° C. (A) 





50° C. (U) 

[ 

50° C. U) 

33 kV. 

1 

60° C. 

60° C. 

50° C. (U) 

60° C. (A) 
50° C. (U) 


66 kV. 


*60° C. 



*50° C. (U) 

Oil-filled and 







Pressure 

Cables. 


0 

p 

75° C. 


50° C. (U) 

75° C. (A) 

(All voltages.) 





50° G. (U) 


A = Armoured. U = Unarmoured. ‘ 45° C. for the earlier installations. 


as the basis of calculations. With cables in air the ambient 
temperature is liable to vary within wider limits and would, in 
general, be higher than 15° C. The tables of current ratings 
published by E.RA., for example, are based on an ambient tem¬ 
perature of 25° C. 

143. Transient Heating Conditions and Intermittent 
Loading. —So far in dealing with the heating of cables only 
the ultimate temperatures attained have been considered. The 
period necessary for the attainment of steady temperature con¬ 
ditions for cables laid underground is measured in days rather 
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than hours, but varies with different classes of cable, and 
different methods and depths of laying. The rate at wliich the 
temperature rises is also considerably influenced by the specific 
heat of the soil, as it requires time to heat the layers of soil until 
they become steady isothermal surfaces. As a rough guide, the 
time taken for this temperature to attain 90 7o value 

with a steady load may be taken as 12 to 24 hours with cables laid 
direct in the ground. With cables in air the period for a similar 
percentage rise would be about three hours, and cables laid in ducts 
would generally occupy an intermediate position between cables laid 



Pig. 81.—Temperature rise of 20 000-volt, 0*35 sq. in., three-core armoured cable 
laid direct in the ground ; ultimate temperature rise = 50 degrees C. 

direct in the ground and in air. Fig. 81 shows a typical time / 
temperature rise curve for a 20 000-volt, 0*35 sq. in., three-core 
cable laid direct in the ground at a depth of 2 ft., the final tem¬ 
perature rise being 50° C.^ 

In all the cases previously considered the load has been assumed 
to be steady, but under practical operating conditions this is not so, 
the maximum load only occurring for a comparatively short period 
each day. Hence, in the case of cables intermittently loaded, it 
is reasonable to suppose that a greater load than that obtained 
from calculations based on steady state theory can be transmitted 
at times of peak without exceeding the temperature limit of the 
cable. 
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There are three chief types of intermittent loading to be 
considered:— 


1 . Rapidly fluctuating loads. 

2 . Emergency loading. 

3. Cyclic loading due to daily load factor. 

1 . Rapidly fluctuating loads may occur in the case of traction 
feeders or with cables supplying rolling-mill motors, etc., the 
period of variation being measured in minutes. Their effect 
may be taken into account by determining the current-carrying 
capacity of the cable on the basis of the RM.S. value of the 
current 

2. The emergency loading of a cable for a period of one or two 
hours can be readily determined if a time / temperature rise curve 
of the cable in situ is available. To illustrate the method em¬ 
ployed take the simplest case where the cable has not previously 
been carrying any load. The permissible current is deduced by 
setting off the emergency time on the time / temperature rise curve 
starting from zero ; then the square root of the ratio between the 
permissible temperature rise of the cable and the actual tempera¬ 
ture rise in the short time selected gives the multiplier for that 
time, to apply to the continuous permissible current. Thus, 
referring to Fig. 81, the temperature rise after 2 hours is approxi¬ 


mately 25 degrees C., so the multiplying factor is 


V 


— = 1*41 
25 ^ * 


which means that the particular cable under consideration will 
carry for 2 hours starting from cold 41 more current than the 
continuous rating, without exceeding the specified temperature 
rise of 50 degrees C. 

If the cable has previously been canying a steady load the 
relative temperature rise for this load can be calculated from 
formula (168), and this rise is taken as the starting-point on the 
time / temperature rise curve. The emergency time is then set off 
from this point, and the total temperature rise from zero read off 
and treated as before, thus giving the multiplpng factor for the 
specified conditions. 

In the curve of Fig. 81 has been marked the final temperature 
points 11 degrees C. for one-half continuous, and 26 degrees C. 
for three-quarters continuous, load respectively. Supposing, then, 
that the cable has been previously carrying a steady load equal to 
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one-half its rating, and it is required to find what load can be 
carried for an emergency period of 2 hours. The temperature rise 
corresponding to the initial load on the cable is 11 degrees C., and 
marking off from this point on the curve the scale value of 2 hours 
horizontally, a temperature rise of 28 degrees 0. is obtained. Then . 

V 50 

= 1-33, or a permissible overload of 

33 7o can be carried for the 2 hours, without exceeding the limit¬ 
ing temperature rise of 50 degrees C. 


Table 19 .—Rating Factors for Emergency Loading of Cables 
(One-hotir Period,) 



Cables Laid Direct in tlie 
(iround. 

Cables 

in Air. 

Diameter ot 
Cable over 

Subsequent to Steady Loading 

Subsequent to Steady Loading of 

Lead Sheatli. 






50 % Con- 

75 % Con- 

50 % Con- 

r 

75 % Con. 


linuous Load. 

timions Load. 

tin nous Load. 

tinuous Load. 

1 in. 

M6 

109 

1-OG (8.C.) 1-04 

1-05 (s.c.) 1*02 

14 ,, 

1-20 

1*11 

1-15 (s.c.) 1-09 

1*10 (s.c.) 1-06 

2 M 

1-24 

1*14 

M7 

' MO 

1 

24 „ 

1-28 

1-17 

1-24 

1-15 

3 „ 

1-33 

1-20 

1*32 

1-20 

34 M 

1*40 

1-24 

1*40 

1 

1*26 


8.C. = single-core cables only. All other values are for three-core cables. 


In actual practice curves similar to Fig. 81 are rarely available, 
and Whitehead ® has made a theoretical investigation of the subject 
The main difficulty is the estimation of the thermal diffusivity 
of the soil which varies widely, but taking a low value for this 
constant in order to furnish a margin of safety it is possible to 
calculate emergency-loading factors for cables buried in the ground. 
Similar factors for cables in air may also be determined. Table 19, 
prepared on this basis, gives emergency-loading factors for a one- 
hour period after the cable has been carrying a steady load of 
50 7o or 75 7o of its continuous load as the case may be. For 
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example, the sheath diameter of the cable referred to in Fig. 81 
is 3^ in., so from Table 19 the emergency one-hour loading when 
buried direct would be 40 7o niore than continuous load after 
carrying one-half load, and 24 % more than continuous after three- 
quarters load. These figures compare with 48 and 28 °/^ derived 
from the experimental curve. 

3. Whitehead ^ has also derived formulas for calculating the effect 
of cyclic loading due to daily load factor, and the basic type of 
load variation adopted is that in which the cable carries each day 
a steady current for 8 hours and is then idle for the remaining 
16 hours. Investigations show that with cables buried in the 
ground the magnitude of the effect depends chiefly on the depth 
of laying, and only to a comparatively small extent on the type, 
size, and voltage class of the cable. At a depth of 18 in., for 
instance, the permissible maximum load of any cable is 7 % 
greater than the continuous loading; at a depth of 3 ft., the 
corresponding increase is 13 7o- l^he case of cables in air the 
transient heating period is so short that no extra allowance can 
be made for cyclic loading of the type considered. 

144. Cable Rating as Affected by Practical Conditions of 
Installation. —In any scheme of transmission by underground 
cables, temperature conditions along the route are rarely uniform, 
and it may happen that the rating of a long length of cable is 
limited by a comparatively short section where the facilities 
for heat dissipation are poor. Quite apart from variations in the 
thermal characteristics of the soil and cable dielectric—which are 
covered by the conservative values of thermal resistivities adopted 
as standard—hot spots may be produced by extra depths of laying 
or closer spacing of cables rendered necessary by obstacles in the 
run of the trench. Cables, nominally laid on the direct system, 
are also often drawn through ducts under important thoroughfares 
in order to avoid disturbance to traffic during, or subsequent to, 
installation. Naturally the cable rating is determined by the con¬ 
ditions imposed in these sections of the route, and care should be 
taken to adopt wide spacings for ducts used in these particular 
circumstances. On the other hand, where cables are taken 
through foundations or walls of buildings by means of ducts— 
the length involved being two or three feet only—there is con¬ 
siderable amelioration owing to longitudinal conduction, and the 
presence of the ducts has no substantial effect on the rating. 
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Care should always be taken to see that the loading of a feeder 
is not unduly restricted by terminal lengths of cable run in air. 
High ambient temperatures are sometimes encountered, and under 
these conditions it may happen that a larger conductor section is 
necessary notwithstanding the lower external tliermal resistivity 
of cables in air as compared with cables laid direct in the ground. 
Adequate ventilation is important in this connection, since the heat 
dissipation from cables in air is much improved when the air is in 
movement, however slight this may be. 

As regards intermittent loading it should be noted that, in 
general, cables in air are not so favourably placed as cables buried 
in the ground. No increase in rating due to the effect of daily 
load factor can be allowed, so that the cables must be designed for 
the peak load. With emergency loads there is little difference in 
the behaviour of cables of medium and large diameter, whether in 
air or buried in the ground. The case often occurs, however, 
where a three-core cable in the ground is terminated by single- 
core tails in air. The continuous rating of the tails may be equal 
to, or greater than, that of the underground cable, but the smaller 
diameter of the cables in air, and their correspondingly small 
emergency rating factor, may again determine the permissible 
peak loading. The question of conductor sizes on terminal lengths 
of cables should, therefore, always receive careful consideration. 

145. Numerical Examples. —In order to illustrate the methods 
of calculation previously derived, the following examples will be 
taken:— 

Problem 9.—Find the thermal resistances of 25 000-volt, three- 
core, 0*25 sq. in., circular-conductor cables of the following types:— 

(а) Belted, Conductor-insulation thickness 0* 225 in., belt- 
insulation thickness 0* 175 in., overall diameter 3 CO in. 

(б) Screened. Screens of 3-mil. copper tape, insulation thick¬ 
ness 0'30 in., overall diameter 3 62 in. 

The protective coverings have the same thicknesses in each case, 
viz , lead sheath 0’15 in., armouring 0* 128 in., hessian tapes 0*15 in. 

(a) Belted-type. 

In this case t 0* 175 _ ^ 

T ““ 0^^ ” ’ 


T + t 
d 


0 * 225 + 0* 175 


0* 615, 


0* ()51 
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and taking K == 550, the thermal resistance between conductors 
and sheath from (176) is 

S' = 67*2(0-85 + 0*2 x 0*78) log^o [(8-3 - 2*2 x 0*78)0' 615 + 1] 
= 47*5 thermal ohms per cm. 

The thermal resistance of the protective covering from (174) 
(after making the necessary modifications) is 

1 ‘RO 

S" = 183 log,, ^ 

= 6*8 thermal ohms per cm., 
so that the thermal resistance of the complete cable 
S = 47*5 + 6*8 
= 54*3 thermal ohms per cm. 

(b) Screened-type, 

In this case T 0 30 ^ 


and substituting in (178) the thermal resistance between conductors 
and sheath 

= 24*0 thermal ohms per cm. 

The thermal resistance of the protective covering is 


S" - 183 lo^i 


1*81 

1*66 


= 6*8 thermal ohms per cm., 
so that the total thermal resistance of the cable 


S = 24*0 + 6*8 

= 30*8 thermal ohms per cm . 

Problem 10.—Find the current-carrying capacity of two 25 000- 
volt, three-core, 0*25 sq. in., screened-type cables of the dimensions 
given above, when laid under the following conditions:— 

(а) Direct n the ground at a depth of 4 feet, with a horizontal 
interaxial spacing of 18 in. (g = 120). 

(б) In air, with an interaxial spacing of 8 in. 

(c) In 5-in. closely-spaced earthenware ducts at a depth of 
4 feet (g = 120). 

The initial temperature in each case is assumed to be 15° C., 
and the maximum permissible operating temperature 55° C. 



UNDERGROUND CABLES (Co7itinued) 271 


(a) Laid direct 

The thermal resistance of the ground path from (182) is 


O = 44 0 logio 


= 75 9 thermal ohms per cm., 
and the apparent thermal resistance due to mutual heating is 
^ 60. 96 

^ '“S' u 


= 320 thermal ohms per cm. 

Hence, the total thermal resistance of the cable in situ is 
30*8 + 75*9 + 32*0 = 138*7 thermal ohms per cm. 

The resistance of the conductor at 20° C. from tables is 0* 108 
ohm per kilometre. Hence, allowing 2 °/^ for coring, the resistance 
at the maximum operating temperature 55° C. is 

Re = 0* 108 (1 + 0* 004 x 35) 1*02 x lO”^ 

= 1*26 X 10“® ohms per cm. 

The current-carrying capacity of each cable from (185) is thus 




40 


(b) In air. 


*78 X 10-^ X 
= 276 amperes. 


138*7 


The distance between adjacent cable surfaces in this case is 
4*4 in., so that the mutual heating effect can be taken as negligible 
and the apparent thermal resistance external to the cable from 
Table 16, assuming 0, = 35° C., is 


A = 


133 

l‘8rx 35* 


= 30*2, 

so more accurately from (187) 

55 X 30*2 
~ 30*8 + 30*2 
= 27*2° C. 

and recalculating 

^ 133 

1*81 X 27*2* 

= 32*3 thermal ohms per cm., 

so that the total thermal resistance of the cable in situ is 
30*8 + 32*3 = 63*1 thermal ohms per cm. 
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The current-carrying capacity of each cable is therefore 

V37 


40 

^8 X 10-« 

= 410 amperes. 


631 


If the initial temperature had been 25° C. in this case instead 
of 15° C., the corresponding current rating would have been 


410 X 


4 


40 


= 355 


amperes. 


(c) In ducts. 

Following the method given in Art 138 the rating of one cable 
laid direct in the ground is 


r 40 

V3*78 'x l0-« X 106*7 
= 315 amperes, 


so the rating of each cable when drawn into ducts is 

7 = 315 X 0*80 X 0*92 

= 232 amperes. 

(In all these cases the skin and proximity effects total 1 7o> and 
sheath and armour losses are about 3 7o> ^^at the combined 
effect on the cable rating is insignificant. With larger conductor 
sections, where it is necessary to take these matters into considera¬ 
tion, the conductor resistance must be corrected for skin and 
proximity effect, and the thermal resistance external to the cable 
sheath increased to cover the sheath and armour losses as shown 
in the next example.) 

Problem 11.—Find the current-carrying capacity of a 66 000- 
volt, three-phase circuit formed by three single-core, 0*40 sq. in. 
served cables (external diameter 2*77 in., lead sheath and tape 
serving each 0*15 in. thick), laid in close triangular formation 
under the following conditions :— 

(a) Direct in the ground at a depth of 4 feet (gf = 120). 

(b) In air. 

(c) In trefoil ducts at a depth of 4 feet (cf = 120). 

In each case the initial temperature is 15° C. and the maximum 
permissible temperature 45° C. 
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(a) Laid direct. 

Taking K = 550 the thermal reflistance of each cable between 
conductor and sheath from (172) is 


S' = 202 logi 


1*085 


0* 418 

= 83*5 thermal ohms per cm., 

the thermal resistance of the protective covering with 
from (174) is 

8 " = 

= 90 thermal ohms per cm., 
the thermal resistance of the ground path from (182) is 


500 


G 0 lOgld ggg 

= 81*0 thermal ohms per cm., 

and the apparent thermal resistance introduced by the heating 
effect of the other two cables from (190) is 


G, = 88 logio ^ 

= 135*0 thermal ohms per cm. 

The d.c. resistance of the conductor at 20° C. from tables is 
0 * 066 ohm per kilometre. Hence, at the maximum operating 
temperature of 45° C., the resistance—allowing for 1*3°/^ skin 
effect and 0*3 % proximity effect—is 

Rq - 0*066(1 + 0*004 X 25) x 1*016 x 10"^ 

= 0 74 X 10“^' ohms per cm. 

The sheath losses, which have been previously calculated (Art. 
112 ), are about 12 7o fkat p = 0*12. 

The dielectric losses, taking the capacitance of the cable as 0*36 
microfarads per mile, and the dielectric power factor as 0*005, are 

^ 27r X 50 X 0 36 x 10~" x 38*1 x 38*1 x 10® x 0*005 

” 1760 X 36 X 2*54 

= 0*005 watt per cm. 
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Hence, by substitution in (189), the current-carrying capacity 
of the circuit is 




30 - 0- 005 X 308-5 


•74 X 10-«(83-5 + 1-12 X 225) 

= 340 amperes. 

(5) In air. 

From Table 16 the thermal resistance from the surface of each 
cable, assuming 6, = 30° C., is 

216 

^ 1-385 X 301 

= 66-7, 

so more accurately from (187) 

45 X (66-7 X 1 12) 




and recalculating 


A = 


92-5 + (66-7 X 1-12) 
= 20-r C. 

216 


1-385 X 20-11 
= 74 3 thermal ohms per cm., 

and by substitution in (191) the current-carrying capacity is 


" Vo^' 


30 - 0- 005 X 166-8 


•74 X 10-«(83-5 + 1-12 X 83-3) 

= 472 amperes. 

(c) In ducts. 

The sheath losses at an interaxial spacing of 5| in. (Table 12) 
are about 38 7o» following the method given in Art. 138 the 
rating of one cable laid direct in the ground is 


Vo-7 


30 - 0-005 X 173-5 


•74 X 10^(83-5 + 1-38 x 90) 

= 435, 

so the rating of each cable when laid together in ducts is 


/ = 435 X 0*80 X 0*84 
= 292 amperes. 
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CHAPTER XI. 

ECONOMIC PRINCIPLES AND CALCULATIONS. 

146. Introductory. —It is proposed to deal in this chapter 
with one or two of those fundamental economic principles which 
are of vital importance, and closely influence the electrical design 
of a transmission line. It should not be forgotten that the justifi¬ 
cation of any scheme of power transmission must be commercial, as 
well as technical success. As Still has said : ‘ It is an easy matter 
to design a bridge of ample strength for the load it has to carry, or 
a transmission line with conductors of so large a size, insulators 
with so large a factor of safety, and supports so closely spaced 
and so strong, that the electrical losses will be small, and the risk 
of mechanical failure almost nil; but neither the bridge nor the 
transmission line will reflect credit on the designing engineer 
unless he has had before him constantly the commercial aspect of 
the work entrusted to him, and has so chosen or designed the 
various parts, and combined these in the completed whole, that 
all economic requirements are as nearly as possible fulfilled.’ 

The application of economic factors to the design and layout 
of a complete power-transmission scheme is outside the scope of 
the present work, and it is only possible to consider very briefly 
one or two of the simpler problems. 

147. Economic Size of Line Conductor. —The cost of con¬ 
ductor material is generally a very considerable part of the total 
cost of a transmission line, and hence the determination of the 
size of conductor to be employed is a very important problem. 
No matter what particular scheme of transmission is adopted, a 
little consideration will show that the first cost of the conductors, 
and the annual expenditure represented by the energy wasted in 
heating the conductors, follow opposite laws. To reduce the 
power losses in the line it is necessary to employ conductors of 
low resistance and therefore large cross-sectional area. On the 
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other hand, to reduce the first cost, conductors of small cross- 
section must be installed. Thus, the initial cost and subsequent 
working expenses are both governed by the size of conductor 
chosen, but while the former increavses with the area the latter 
decreases as the area increases. It is evident that in any trans¬ 
mission scheme there must be at least one particular size of 
conductor for which the sum of the annual charges (interest and 
depreciation on initial cost of conductors plus annuaf cost of 
energy dissipated therein) is a minimum^ 

Taking into consideration first of all merely the initial capital 
outlay on conductor material, the annual charges on this initial 
cost for a given line arc 

I\ = k^Aa, .... (192) 

where A is the cross-sectional area of the conductor, a is the 
percentage to Vje taken to cover the annual interest and deprecia¬ 
tion, and /cj is a constant. 

The cost of the energy dissipated in the line per annum is 

= .(193) 

^2 again being a constant. The total expenditure will be a 
minimum when 

dA'^ dA ~ 

This gives 



and 

. 09 *) 

Inserting this value of A in (192) and (193) gives 

and Po = \/k^ak,, 

hence 

P, = P 2 , . . . . (195) 

or the most economical area of conductor is that which makes the 
annual cost of the power losses equal to the annual interest and 
depreciation on the capital cost of the conductor material. 
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148. Kelvin’s Law and its Modifications.— The above state¬ 
ment, known as Kelvin's law, was first enunciated by Lord Kelvin 
(then Sir William Thomson) at a meeting of the British Association 
in 1881.^ To quote his exact words: 'The most economical size 
of the copper conductor for the electric transmission of energy 
. . will be found by comparing the annual interest of the money 
value of the copper with the money value of the energy lost 
annually in the heat generated in it by the electric current. . . . 
The gauge to be chosen for the conductor does not depend on the 
length of it through which the energy is to be transmitted but 
solely on the strength of the current to be used, supposing the 
cost of the metal and of a unit of energy to be determined.’ 

Kelvin’s law is based on the assumption that the cost of poles 
or towers, insulators, and the labour of erection and stringing of 
wires is either negligible or independent of the actual size of the 
conductor. In practice, neither of these assumptions is correct. 
This is owing to the fact that line supports and insulators tend 
to become more expensive as heavier conductors are used in 
consequence of the increased mechanical stresses occasioned 
thereby. Also the cost of stringing the wires will increase 
somewhat as the size of wire increases. As shown by Kapp,^ a 
closer approximation to the truth is obtained by assuming that 
the initial capital expenditure on the complete line installation 
can be split up into two parts, one independent of the area of the 
conductor, and the other directly proportional thereto. It is 
therefore more correct to write 

Pi = (Jcq + feiA)a, . . . (196) 

where represents that part of the capital outlay which is 
constant, and independent of the size of conductors. 

This modification in the formula for Pj makes no difference 
in the differential equation, as 



o' 

11 

hence, as before. 

11 


Vaik, 

and substituting 

Pj = ak^ + s/k^ak^ 


■P 2 ““ 


and 
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or the interest and depreciation on the capital cost of the instal¬ 
lation and the annual cost of the dissipated energy are now in 
the relation 

P, = P, + afco. (197) 

Thus the interest and depreciation on the initial cost of the 
line must in this case be greater than the annual cost of the 
energy losses. 

Substituting for P^ in (197) and rewriting, there follows that 
P.^ = k^Aa, .... (198) 




(<x) (6) 

Fia. 82.—Graphical illustration of Kelvin’s law. 

or the most economical area of conductor is that which makes the 
annual cost of the dissipated energy equal to the annual interest 
and depreciation on that portion of the capital outlay on the line 
which can be considered to be proportional to the weight of 
conductor material employed. 

Fig. 82 (a) exhibits the above results very clearly. In the 
diagram the straight line A shows the relation between the 
annual interest and depreciation of the capital spent on the line 
conductors, and the size of the conductor. Similarly, the rec¬ 
tangular hyperbola B gives the cost per annum of the energy 
wasted in the conductors. By adding the ordinates of the two 
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curves A and B, the curve C is obtained, of which the minimum 
value corresponds witli that conductor cross-section which it will 
be most economical to use. This minimum occurs where the two 
curves A and B cross, i.e, where the values of their ordinates are 
equal. In Fig. 82 (6) the first diagram is modified so as to deal 
with the complete line installation by (1) adding to the capital 
cost of the conductors an amount independent of the conductor 
area, (2) slightly increasing the slope of A so as to take into 
account the higher cost of line supports, stringing of wires, etc., 
with the heavier conductors. In this case, at the points on curves 
A and B corresponding to the minimum value of C, the ordinate 
of curve A is greater than that of B by the distance ab, i.e, the 
amount of the independent portion of the total capital expenditure. 

A simpler and more general statement which includes both 
the above results may be called the law of maximum economy 
and is expressed as follows: For maximum economy the annual 
coat of the wasted energy in the transmission line added to 
the annual charges on the initial capital outlay shall be a 
minimum. 

149 . Kelvin’s Law in Practice. —Although the principles 
previously enunciated are well known, there is often considerable 
diflBculty in applying them to a proposed scheme of power trans¬ 
mission. This is chiefly owing to the difficulty of estimating the 
power losses, and of fixing a correct money value on them when 
estimated. 

The difficulty of estimating even approximately the probable 
amount of energy wasted during a year’s working is very great. 
Even if the load to be delivered can be accurately forecasted, 
the determination of the current value to be used in conductor 
calculations is uncertain, and as Beard ^ has shown, even a know¬ 
ledge of the load factor by itself is not sufficient. The losses over 
a given period of time are proportional to the square of the current 
flowing, so that the R.M.S. current flowing during the given period 
must be used in calculating them. Hence it is necessary to take 
into account the actual shape of the load curve. This is readily 
seen by considering the two extreme forms of a 50 load-factor 

curve given in Fig. 83. In the full line curve the R.M.S. current 
is equal to the average current, while in the dotted curve it is 
times the average, for this particular load factor. Load curves met 
with in practice lie between these extremes, and for a typical 50 
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load-factor curve the R.M.S. current would be about 120 times the 

average current. In every 
projected transmission scheme, 
therefore, probable load curves 
for different parts of the year 
should be drawn out, and the 
mean value of P calculated 
therefrom. In the lack of other 
data the curve shown in Fig. 
84 can be used to obtain values 
of the ratio of R.M.S. to average 
current for typical load curves. 

The cost per kilowatt-hour 
of the wasted energy is also 
somewhat difficult to decide 
with any accuracy. Generally 
speaking, the cost of the wasted energy is more than the generat- 



PER CENT LOAD FACTOR 

Pia. 84.—Ratio of R.M.S. to average current for typical load-factor curves. 

ing cost because the load factor of the losses is less than that of 
the load, and in addition to this ought to be added the annual 


< 

o 


TIME 

Fig. 83.—Extreme forms of load curve 
for a given number of units at 50 
load factor. 
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charges on the increased size of conductor necessary to transmit 
the losses. The station cost per unit might be increased by as 
much as 30 % to cover the lower load factor of the losses and 
these extra annual charges. Furthermore, in cases where the 
demand for power exceeds the supply, that is if all the power 
saved in the line could be promptly sold, the price to allow for 
the dissipated energy is actually the selling price. Every case 
should be taken on its own merits. 

With regard to a reasonable percentage to allow for interest 
and depreciation on the cost of conductors, this will depend on 
commercial considerations and the estimated life of the conductors, 
also on the probable scrap value of the metal when it is replaced. 
So far as interest is concerned, if cash is to be paid for the con¬ 
ductors the figure to be taken for interest on capital should be on 
a par with the expected percentage profit on the complete under¬ 
taking. In fixing the depreciation it should be remembered that 
the scrap value of the conductors will probably be small. This is 
owing to the fact that the transmission line will very likely be a 
long way from the place where there is a demand for the copper, 
and a considerable deduction from the price will be necessary to 
meet the transportation charges and the labour cost of removing 
the wires from the poles. 

150. Economic Current Density in Overhead Conductors. 

—As previously stated, the annual charges on the initial cost of a 
transmission line installation can be represented fairly closely by a 
linear equation 

Pi = (Icq + kiA)a. . . . (196) 

It should be remembered that the second term in the above 
expression varies at a rather higher rate than it would do if the 
cost of the line conductors only were being examined. With 
overhead lines, however, it is generally found sufficient to take into 
account the variation of cost of conductor material, and ignore 
other secondary factors. This simplification, in practice, gives 
results to the degree of accuracy warranted by the state of know¬ 
ledge of the other data of the problem. 

A convenient formula for the economic current density in 
overhead conductors can now be derived, bearing in mind that the 
annual charges are: (1) the annual charge for the interest and 
depreciation on the capital outlay on the conductors, (2) the 
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annual cost of the energy wasted in the conductors, and that the 
assumed equality of these two items of cost determines the size of 
conductor and consequent economic current density. 

Let Pi = cost of conductor in pence per pound. 

a = percentage to be taken to cover annual interest and 
depreciation on conductors. 

Rtn = resistance of conductor 1*0 sq. in. cross-section, in 
ohms per mile. 

m = weight of conductor 1*0 sq. in. cross-section, in lbs. 
per mile. 

A = section of the conductor in square inches. 

Pa = cost of one kilowatt-hour of wasted energy in pence. 

/ = R.M.S. current in conductor during the year. 

Then the energy dissipated annually (8 760 hours) in one mile 
of the conductor is 


8 760 
1 000 A 


kilowatt-hours, 


and the cost of this energy is 

p.,PRfn 8 760 
1 000 A 


pence. 


(199) 


The cost of one mile of the conductor is 


mApi lb, 

and the annual interest and depreciation on this cost is 

mAp.a 

-100 • • 


. ( 200 ) 


For equality between (199) and (200), 

p.^PRm 8 760 _ 

^il)WA ' 100 ’ 

or 

jL = / 'fyipid X 1 000 
A \ ^p,~>rr00 X 8 760’ 

For hard-drawn, stranded copper conductors at 20'* C. 
m = 21 100 lb, 

0* 0445 ohm, 

and substituting, the economic current density is found as 

- 23-3 . 

A A/ 


( 201 ) 


( 202 ) 
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For hard-drawn, stranded aluminium conductors (m = 6 230 
and Rm ^ O’ 0755) the economic current density is 

i. 

151 . Influence of Line Voltage on Cost of Transmission 
System. —It is often not fully realised that the application of 
Kelvin’s law by itself is insufficient to enable the size of the line 
conductors to be calculated. Kelvin’s law merely gives the current 
density at which the conductors should be worked for maximum 
economy, but the actual conductor cross-section cannot be deter¬ 
mined unless the value of the line current is known, and this 
depends upon the pressure at which the energy is transmitted. 

If the cost of the conductors forming the transmission line and 
the PR losses themselves were the only consideration, the highest 
obtainable line voltage would be the best, on account of the cor¬ 
responding reduction of current for a given amount of power to be 
transmitted. But the transmission system must be looked at as 
a whole, and it will be found that it does not pay to increase the 
voltage above a certain point. Above this limit the saving in 
conductor material is more than counterbalanced by the increased 
cost of the line insulation and terminal apparatus. Furthermore, 
at extremely high pressures, other sources of losses such as corona 
and leakage over insulators begin to make their appearance. The 
choice of line voltage for any particular transmission scheme is 
thus mainly an economic question, and must be determined by 
taking into account the cost of the various parts of the complete 
system which are influenced by alterations in the line voltage. 

152 . Determination of Economic Voltage and Size of Con¬ 
ductors. —In order to illustrate the application of the above 
principles, a concrete scheme will be taken. It is assumed that a 
maximum load of 20 000 kVA. (16 000 kW. at 80 power factor, 
50 cycles) is to be supplied over a distance of 50 miles, the load 
factor being 60 %• Conductors of hard-drawn, stranded copper 
are to be used, and the average line span is 600 feet. To guard 
against interruption to service two sets of conductors are employed 
carried on one set of steel towers. 

Fig. 85 shows diagrammatically the layout of the system, 
which is designed to allow for considerable flexibility of operation. 
Two three-phase transformers (or banks of single-phase trans¬ 
formers) each of 10 000 kVA. capacity are provided, both at the 
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sending and receiving end of the line. A saving in the high- 
tension switchgear could be effected by treating each transformer 
group and set of conductors as one unit, in which case isolating 
switches would only be required on the high-tension side to 
disconnect the transformers from the line when necessary. While 


66OO/35.OOO VOLT 
♦ CENERATINC STATION « 

TRANSFORMER*^ 



ss.ooq'ssoovoLT 
RECEIVING STATION 


Fig. 85.—Layout of transmission system to illustrate example on economic 

design. 

this arrangement simplifies the switching system it does so at the 
expense of the flexibility of the system. In the proposed layout 
the line circuit-breakers are of larger current-carrying capacity 
than the transformer circuit-breakers, and in case of breakdown 
to one line the other could be permitted to carry the full load of 


20 




286 


ELECTRIC POWER TRANSMISSION 


20 000 kVA. This is a great advantage, and the additional cost of 
the line circuit-breakers is comparatively small. 

The first step in the solution is to determine the economic 
current density for the line conductors. Let the cost of hard- 
drawn, stranded copper conductors on site be taken as 9d. 
per lb., the cost of the wasted energy0*5 pence per kilowatt- 
hour, and the interest and depreciation on the cost of conductors a 
as 10 per annum. 

Then from formula (202) the economic current density is 


A 


283 /:^“ 

313 amperes per sq. in. 


Considering for the moment that the line pressure is 33 000 
volts, the current required when the maximum load of 10 000 
kVA. per set of conductors is being transmitted is 

10 000 x 1000 

- - =175 amperes. 

n/3 X 33 000 ^ 


For a typical 60 °/„ load-factor curve the ratio of RM.S. to 
average current is 1‘13, hence the RM.S. current flowing in each 
conductor can be taken as 


I = 


175 X 
119 


60 

ido "" 

amperes, 


113 


and the economic area of conductor is 


313 

= O' 381 sq. in. 

As the weight of a copper conductor 1 mile long, and 10 
sq. in. cross-section, is approximately 21 100 lb., the total weight 
of copper required in the line is 

0-381 X 21 100 X 6 X 50 
= 2-41 X 10« lb., 

and thus the total cost of the line conductors on a 33 000-volt 
system is 

2-41 X 10« X 9 
240 

= £90 400. 
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The cost of the copper required for other assumed pressures 
can then be readily calculated, taking advantage of the fact that 
the cost is proportional to the current and hence inversely pro¬ 
portional to the pressure. 

The cost of the terminal apparatus and insulators for operation 
at 33 000 volts would be approximately as follows:— 

Transformers, 

Two 10 000-kVA. 

transformers. 

Two 10 000-kVA. 

transformers. 

Price 

Switchgear, 

Four 33 000-volt transformer and control equipments 
complete with oil circuit-breakers, isolators and con¬ 
trol panels 

Price ........ £2 900 

Four 33 000-volt line control equipments similar to above 
but of larger current-carrying capacity 
Price ........ £3 300 

Four 33 000-volt electrolytic impulse-gap lightning ar¬ 
restors complete with isolators and choke coils 
Price ........ £2 100 

Line Insulators, 

Three thousand 33 000-volt pin-type insulators 

Price.£1 500 

The total cost of terminal apparatus and insulators for a 
33 000-volt system would thus be atout £24 800. 

In order to obtain the cost of this apparatus at other pressures 
use will be made of Table 20, which gives the relative cost of 
apparatus designed for various standard voltages expressed as a 
percentage of 6 600-volt costs. These figures are given by Nesbit,^ 
and for the sake of argument will be assumed to be correct for the 
particular problem under consideration. It need hardly be said, 
however, that these relative costs are liable to fluctuate, and in 
practice this kind of information would be obtained direct from 
the manufacturers as and when required. 


3-pha8e 6 600 / 33 000-volt 50-cycle 
3-phase 33 000 / 3 300-volt 50-cycle 
.£15 000 
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Tablk 20. — Approximate Relative Costs of High-tension 
Apparatus. 

(6 600-volt costs taken as 100 °/o.) 


Voltage. 



1 6 600 

1 

11000 

22 000 

33 000 

44 000 

66 000 

88 000 

110 000 

Transformers 

100 

102 

108 

115 

125 

150 

175 

200 

Switchgear 

Electrolytic lightning 

100 

100 

100 

110 

115 

155 

255 

420 

arrestors 

100 

151 

205 

320 

430 

640 

1 600 

1 900 

Insulators 

100 

135 

430 

650 

1 

1 250 

3 500 

5 500 

6 500 


On the basis of Nesbit's figures the result of a comparison 
between installation costs at the various standard pressures is 
exhibited in Table 21, and it will be seen that the pressure of 
66 000 volts is the most economical for the conditions laid down. 
In some cases, however, the difference between the economical and 
the next higher pressure may be quite small, and in such cases it 
is very probable that the higher voltage would be adopted. One 
important consideration influencing the choice of the higher pres¬ 
sure is that more trouble is experienced with heavy currents 
than with high voltages, owing to the more serious effects of 
transient disturbances due to switching or short-circuits. Hence 
greater security, and sometimes lower maintenance and operating 
costs, may be obtained by designing the system for a high pres¬ 
sure. It should be noted also that many mistakes have been 
made in the past by under-estimating the ultimate demand for 
electric power, and consequently adopting too low a pressure. 
When in doubt, the higher voltage should be selected, and will 
probably justify its adoption by reason of future growth of the 
system. 

Adopting, therefore, the pressure of 66 000 volts for the line 
voltage of the system, the corresponding theoretical area of con¬ 
ductor required is 0* 190 sq. in., and the nearest standard con¬ 
ductor, 7/0’ 193'' stranded copper, having an area of 0’20 sq. in. 
would be chosen. 

The expenditure on line supports, buildings, and wayleaves, 
is not included in the above comparison. The two latter items 
are practically constant irrespective of the line voltage, but the 
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Table 21 .—Comparison of Installation Costs at Various Voltages. 
(See Problem—Art. 152.) 


Voltage. 



6 600 

11 000 

22 000 

33 000 

44 000 

66 000 

88 000 

110 000 

Theoretical conductor 

Sq. In. 

Sq. In. 

Sq. In. 

Sq. In. 

Sq. In. 

Sq. In. 

Sq. In. 

Sq. In. 

area . 

1-905 

1- 143 

0- 571 

0- 381 

0* 286 

0- 190 

0- 143 

0- 114 


£ 

£ 

£ 

£ 

£ 

£ 

£ 

£ 

Conductors 

452 000 

271 200 

135 600 

90 400 

67 800 

45 200 

33 900 

27 100 

Transformers . 

_ 

— 

14 100 1 

15 000 

16 300 

19 600 

22 800 

26 100 

Switchgear 

3 100 

3 100 

5 600 

6 200 

6 500 

8 700 

14 400 

23 700 

Lightning arrestors . 

700 

lOOOi 

1 300 

2 100 

2 800 

4 200 

10 500 

12 500 

Insulators . 

200 

300 

1 000 

1 500 

2 900 

8 100 

12 700 

15 000 

Total cost 

456 000 

275 600 

1 

157 600 

! 

- j 

115 200 

96 300 

85 800 

94 300 

104 400 

1 


cost of the line supports does increase slightly at the higher pres, 
sures owing to the greater spacing required for the conductors, and 
this difference should be taken into consideration if sufficient 
information is available. In a rigorous comparison it would also 
be necessary to take into account the probable variation of operat¬ 
ing and maintenance costs as influenced by line voltage. 

In getting out preliminary estimates for a transmission scheme 
the following empirical formula due to Still,^ and based on modem 
American practice, may be taken as a guide:— 

V = + . . . (204) 

where V is the line pressure in kilovolts (between conductors), I is 
the distance of transmission in miles, and P is the estimated 
maximum number of kilowatts per phase to be delivered over 
one pole- or tower-line. 

That both the distance and amount of power to be transmitted 
do influence the economic voltage of a transmission line can readily 
be seen. For as the distance of transmission is increased the 
influence of the terminal-apparatus costs upon the line pressure 
becomes of less and less importance, leading to a higher economic 
pressure. Also if a large amount of power is to be supplied, 
larger generating and transforming units can be employed, with 
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consequent reduction in the cost per kilowatt of terminal-station 
equipment. 

153. Other Factors Influencing Electrical Design of 
System. —After working out the size of conductor required from 
considerations of economy, the matter should always be further 
investigated to ascertain if the conductor is also technically suit¬ 
able. Occasionally the economic size of conductor cannot be 
adopted in practice for one or more of the following reasons:— 

1. The regulation of the line may be greater than can be con¬ 
veniently dealt with, 

2. The section of the conductor may be too small, or too large, 
from a mechanical point of view. 

3. The diameter of the conductor may be so small as to lead 
to excessive corona losses. 

4. The current density may be so high as to raise the tempera¬ 
ture of the conductor above the safe limit. 

1. In the case of excessive line regulation there are two 
remedies. The first method is to adopt a higher line pressure, 
and in consequence a smaller current and smaller conductor. 
The reactance pressure drop wLIy which chiefly determines the 
regulation of the system, is thereby decreased, not exactly in 
proportion to 1 (as the reactance is increased slightly by the 

larger value of but nearly to the same extent. Thus the 


decrease in the percentage regulation is brought about both by 
the decrease in the actual pressure drop along the line, and the 
increase in the line voltage itself. The other method of improving 
the regulation is to split a single circuit into two or more parallel 
circuits, having the same total area of conductor per phase as the 
economic conductor. Thus, assuming two sets of conductors in 
parallel each set taking one-half of the total load, the reduction 
in the reactive pressure drop wZ/ due to the variation in /, is of 
far more importance than the slight increase of L (due to the 


higher value of 

rJ 


and results in the regulation being reduced 


very considerably. For instance, assuming the transmission of 

kV.) over 19/0166' 

strand, 0*40 sq. in. conductors spaced at 90 inches, the full¬ 
load regulation would be 19’8 % Taking into consideration 


40 000 kVA. ^cos <f>r = 80 7o 
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the voltage drops in the terminal transformers also, this value 
would be too great to deal with, but by employing two sets of 
conductors (each 7/0’ 193'' strand, 0*20 sq. in., same spacing) the 
regulation is brought down to the manageable figure of 12*4 
It is true that the duplicate set of conductors entails an increase in 
cost of line supports and insulators, but this is more than compen¬ 
sated for by the valuable insurance provided against total stoppage 
of supply. 

2. In the case of the conductor cross-section coming out so 
small that the line would be mechanically weak, the obvious 
remedy is to increase the sectional area somewhat, without regard 
to the question of economy, or it may be found that aluminium 
conductors can be adopted with advantage. Generally speaking, 
it is not advisable to employ line conductors having less than the 
following sectional areas:— 

No. 8 S.W.G. (0*02 sq. in.) for solid copper conductors. 

0* 025 sq. in. for stranded copper conductors. 

0*04 sq. in. for stranded aluminium conductors. 

If, on the other hand, the conductor diameter works out too 
large, there may be difficulty in handling or taking the strain at 
the individual insulators. The circuit should therefore be sub¬ 
divided into two sets of conductors in parallel. 

3. Excessive corona losses on account of the small diameter of 
conductor leads to the employment of specially made-up con¬ 
ductors (see Art. 93), or here again, aluminium or steel-cored 
aluminium may be found more advantageous as a conductor 
material. 

4. It is very rare that trouble is experienced through over¬ 
heating of conductors on an overhead line owing to the fairly 
low current densities in use and the good facilities for cooling. 
In short-distance heavy-current transmissions, however, the com¬ 
bined effect of solar heat and current may be suflScient to injure 
the conductor as copper starts to anneal when the temperature 
is above 100° C. Trouble may also be caused by excessive sag, 
and current densities should be such that this figure is not 
exceeded. As a result of carefully made tests upon various 
types and sizes of conductors in still air, Luke® gives the 
following formula for determining the temperature rise:— 

/ — iTrdlKdO 

y Re 


(205) 
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where / = continuous current-carrying capacity, 
d = diameter of conductor in inches, 

I = length of conductor in inches, 

Kd = dissipation constant obtained from Fig. 86, 

0 = temp, rise permissible in deg. C., 

Re = resistance of conductor at final temperature corre¬ 
sponding to 6, 



DIAMETER OF CONDUCTOR. IN INCHES 

Pig. 86.—Luke’s dissipation constants. 

This formula gives very safe results as in practice the out¬ 
side air is always in movement, and this greatly reduces the 
temperature rise of a conductor suspended therein. It should 
be noted that a stranded aluminium conductor will carry about 
14 more current than a stranded copper conductor of equal 
conductivity. 

Before finally deciding upon the transmission voltage careful 
consideration should be given to the voltage of adjacent systems. 
There is an increasing tendency to combine neighbouring 
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generating and transmission systems, and should such an 
amalgamation take place it would be advantageous if the equip¬ 
ment—transformers, switchgear, insulators, etc.—of the two 
systems were interchangeable for service on either system. 

At the present time a large number of different pressures are 
in use for transmission schemes, and the design and construction 
of transformers, circuit-breakers, lightning apparatus, etc., for 
all these various pressures is expensive. An endeavour is now 
being made to standardise transmission voltages so as to allow 
manufacturers to concentrate on fewer voltage ratings with 
benefit both to themselves and the consumers. In this country 
the line pressures recommended by the British Standards Institu¬ 
tion are 8*3, 11, 33, 66 and 132 kilovolts.' 

154. Application of Economic Principles to Underground 
Lines. —It is found that the variation in cost of high-voltage 
cable with respect to the size of conductor follows very closely a 
linear law. In other words, the cost per mile of cableys 

Pi = ^:o + 

the actual value of the constants and k^ depending on tlie 
voltage class of the cable. Unfortunately, the Kapp-Kelvin law 
cannot be applied direct to the calculation of the economic current 
density, as beside the PR losses there are also the dielectric 
and sheath losses to be considered. 

The best method of dealing with the problem is to tabulate 
the cost of the line losses and the capital charges corresponding 
to the standard sizes of cable for various assumed transmission 
voltages. The final choice can then be made by bringing into 
the reckoning the cost of the terminal apparatus. A numerical 
example will serve best to illustrate the method. 

Consider the following transmission scheme, viz,, the trans¬ 
mission of 15 000 kVA. (12 000 kW. at 80 7o power factor 
lagging, 50 cycles, load factor 50 7o)» ^ distance of 10 miles, by 
means of a three-core cable. 

At a pressure of 22 000 volts the lino current corresponding 
to maximum load is 

15 000 X 1000 

>73 X 22 000 
= 394 amperes, 
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and for a typical 50 7o curve the R.M.S. current flowing in 
each conductor is 

7 = 394 X X 1-20 
= 236 amperes. 

Hence in a 0*20 sq. in. cable (resistance 0* 244 ohm per mile 
at 50° C., capacitance 0*50 microfarad per mile), the total r^R 
losses per annum are 

236 X 236 X 0* 244 X 10 X 3 X 8 760 
1 000 ” 

= 3*57 X 10^ kilowatt-hours. 

Assuming that the average value of the dielectric power 
factor is 0* 005, the total annual dielectric losses in the cable are 

27r X 50 X 0*50 x 10 " x 22 000 x 22 000 x 10 x 3 x 8 760 
1 000 x ~200 x\/S X '^3 
= 0*03 X 10® kilowatt-liours. 

In a similar manner the losses and therefrom the cost of the 
losses can be determined for other cable sizes and voltages. 

In connection witl) the calculated results given in Table 22 it 
should be noted that:— 

1. The cost tigures for the cables have been obtained from the 
curves of Fig. 87 which give approximate prices per mile for 
three-core cables, these being single-wire armoured and served. 
The prices include the supply and laying of the cables and also 
the jointing, but are exclusive of the cost of any excavations. 
The cost of the latter item will naturally be about the same what¬ 
ever size or class of cable is employed so that this does not enter 
into the comparison. 

2. The percentage for annual interest and depreciation on the 
capital outlay has been taken as 15 7o terminal apparatus and 
10 7o cables, and the cost of the wasted energy as 0*5 pence 
per kilowatt-hour. 

3. The conductor temperature has been assumed to be 50'’ C., 
and the dielectric power factor 0* 005 in all cases. 
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4. No allowance has been made for the influence of capacit¬ 
ance current on the line losses, the magnitude of the effect over 
a 24-hour period being comparatively small. It is interesting 



Areo of Conductor in Scj Inches 

Fig. 87.—Approximate cost of three-core cables laid direct in the ground. 


to note that the proportionate change in losses due to capacitance 
current increases as the line voltage increases, whilst the actual 
losses decrease with voltage, so that the change is substantially 
self-compensatory and can be neglected for the present purpose. 
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Table 22 .—Form of Tabulation for Determining Voltages and 
Size of Conductors. (See Problem—Art. 154.) 

Voltage ~ 22 kV. R.M.S. current == 236 amperes. 



Conductor Area in Sq. In. 


0-10. 

0*16. 

0-20. 

0*25. 

0-30. 

Annual PR losses, kWH. x 10'^ 

7*13 

4-76 

3*66 

2*86 

2-88 

Annual dielectric losses, kWH. x 10® 

0-03 

0*03 

0*03 i 

0*04 

0*04 

Total losses, kWH. x 10® 

7-lG 

4*78 

1 

3*59 

2*89 

2*42 


£ 

£ 

£ 

£ 

£ 

Cost of losses per annum 

Interest and depreciation on cost of cable 

14 900 

9 980 

7 480 

6 030 

6 060 

per annum. 

1 810 

2 050 

2 290 

2 630 

2 770 

Total cost per annum 

16 710 

1 

12 030 

9 770 

8 660 

7 820 


Voltage — 33 kV. H.M.S. current = 157 amperes. 


Conductor Area in Sq. In. 


! 

1 1 

1 0*10. 

0*15. 

0 20. 

0-25. 

0*30. 

Annual PR losses, kWII. x 10® 

3*15 

2*09 

1*67 

1*26 

1-05 

Annual dielectric losses, kWH. x 10* 

0*06 

0*07 

0-07 

0*08 

0*08 

Total losses, kWH. x 10® 

3*21 

2*16 

1 

1*64 

1*33 

1*13 


£ 

£ 

£ 

£ 

£ 

Cost of losses per annum 

Interest and depreciation on cost of cable 

6 690 

4 500 

3 420 

2 770 

2 360 

per annum. 

2 060 

2 300 

2 640 

2 780 

3 030 

Total cost per annum 

8 750 

6 800 

5 960 

5 550 

6 890 
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Taulk 22. —Continued. 


Voltage = 44 kV. K.M.S. current — 118 amperes. 



Conductor Area in Sq. In. 


OTO. 

0-15. 

0-20. 

0-25. 

0-30. 

Annual PR losses, kWH. x 10^ . 

1-79 

1*19 

0*90 

0*72 

0T)0 

Annual dielectric losses, kWH. x 10® 

0-10 

0-11 

0-12 

0-13 

0*14 

Total losses, kWH. x 10® 

1-89 

1*30 

1-02 

0*85 

0-74 


£ 

€ 

£ 

£ 

£ 

Cost of losses per annum 

Interest and depreciation on cost of cable 

3 940 

2 710 

2 130 

1 770 

1 540 

per annum. 

2 340 

1 

2 590 

2 850 

1 

3 100 

8 3G0 

Total cost per annum 

i 

i f3 280 

1 

5 300 

j 4 980 

4 870 

4 900 


Voltage — 55 kV. R.M.S. current = 94 amperes. 


CoinliKtor Ana in Sq, In. 



O'lO. 1 

1 


0*20. 

0*25 

0 30. 

Annual PR losses, kWH. x 10® 

Annual dielectric losses, kWH. x 10® 

1-14 

0-16 

0-7G 

0*17 

0-58 

0-18 

0*46 

0*19 

0*39 

0*20 

Total losses, kWH. x 10® 

1*30 

0-93 

0-76 

0-66 

0*59 


£ 

£ 

£ 

£ 

£ 

Cost of losses per annum 

Interest and depreciation on cost of cable 

2 710 

1 940 

1 580 i 

i 

1 350 

1 230 

per annum. 

2 760 

3 010 

3 270 

3 530 

3 790 

Total cost per annum 

5 470 

4 950 

4 850 

4 880 

5 020 
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Table 22.— Continued, 

Voltage = 66 kV. R.M.S. current = 79 amperes. 


Conductor Area in Sq. In. 



0*10. 

015. 

0-20. 

0*25. 

0-30. 

Annual I*B losses, kWH. x 10® . 

0*79 

0*53 

0-40 

0*32 

0*26 

Annual dielectric losses, kWH. x 10® 

0*22 

0-23 

0-26 

0*27 

0*28 

Total losses, kWH. x 10® 

1*01 

0-76 

0-65 

0*59 

0-54 


£ 

1 £ 

£ 

£ 

£ 

Cost of losses per annum 

Interest and depreciation on cost of cable 

2 110 

1 580 

1 350 

1 230 

1 120 

per annum. 

3 160 

3 440 

3 720 

3 990 

4 270 

Total cost per annum 

5 270 

5 020 

5 070 

5 220 

5 390 


It will be seen from the table that at 22 000 and 33 000 volts 
the most economical size of conductor to employ is 0*30 sq. in., at 
44 000 volts the best conductor is 0*25 sq. in., at 55 000 volts 0*20 
sq. in., and at 66 000 volts 015 sq. in., assuming, of course, in 
each case that these sizes are also suitable from a thermal point 
of view. 

The influence of terminal-apparatus costs on the problem must 
now be considered. For this purpose the cost of the 33 000-volt 
apparatus required will be assumed as follows :— 

Transformers . . . . £11 000 

Switchgear.£3 000 

and the figures given in Table 20 again made use of in order to 
find the approximate costs at other voltages. 

The final comparison may then be made as shown in Table 
23, from which it will be seen that for the problem under con¬ 
sideration a 44 000-volt, 0*25 sq. in. cable is the best from an 
economic point of view. Nevertheless, transmission at 33 000 
or 55 000 volts costs very little more if these pressures are ad¬ 
vantageous for other reasons. 

It is very rare that excessive pressure drop gives any trouble 
in the case of underground lines thus necessitating a lower current 
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Table 23. —Comparison of Installation Costs at Various 
Voltages. (See Problem—Art. 154.) 





Voltage. 




22000 . 

33 000. 

i 44 000. 

55 000. 

i 66 000. 


£ 

£ 

£ 

£ 

£ 

Annual interest and depreciation 
on cable + cost of losses per 
annum 

7 820 

1 

5 390 

4 870 

4 860 

6 020 

Annual interest and depreciation 
on cost of terminal apparatus 

1960 1 

1 

1 

2 100 

1 

1 

1 

2 280 

2 605 

2 776 

Total annual costs 

9 770 

7 490 

7 160 

7 366 

7 795 


density than that derived from economic considerations. This is 
on account of the shorter distances of transmission, and also on 
account of the smaller reactance of cables as compared with the 
reactance of an overhead line using the same size of conductors. 
It is necessary, however, to ascertain that the current density 
is not so high as to raise the temperature of the dielectric 
above the safe limit. This is particularly important in cases 
where the load factor of the system is small. 

In the particular problem considered, the current flowing when 
maximum load of 15 000 kVA. is being transmitted is 

15 000 X 1^00 
44 000 X ^3 
= 197 amperes, 

and comes well below the value which could be permitted if heat¬ 
ing of the cable was the only factor to be taken into consideration. 
The voltage drop in the line at times of maximum load is about 
2 1 , 

155 . Choice of Frequency. —There are several different 
supply frequencies in existence at the present time, but for new 
installations the standard frequency is 50 cycles with 25 cycles as 
a secondary standard. In America both 25- and 60-cycle supplies 
are used extensively, but the higher frequency is likely to pre¬ 
dominate in the future. Many of the 25-cycle systems in 
operation were installed at a time when the design of converting 
apparatus for the higher frequencies had not reached a satisfactory 
stage. Now, however, by improved methods of design and 
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construction—notably the use of higher peripheral speeds and 
commutating poles—rotary convertors for 50 or 60 cycles have 
been made practically equal to those for 25-cyclc supply. As 
regards other apparatus, 50-cycle turbo-altei-naiors are about 
10 cheaper than 25-cycle turbo-alternators, and 50-cyclc trans¬ 
formers are about 25 to 30 7o lighter and 25 % cheaper than 
those of the same output at the lower frequency. 

One feature that should be considered is the influence of the 
frequency on the reactance and charging current of the circuit, 
both these quantities at 50 cycles being twice their value at 25 
cycles. The high reactance of line and apparatus at 50 cycles 
tends to produce poor voltage regulation of the circuit, but has 
one advantage for the larger systems in that it limits short-circuit 
cuiTents, and thus assists the circuit-breakers to function properly. 
The 50-cycle charging current also, in the case of long lines, and 
particularly where two or more sets of conductors in parallel are 
employed, may be so great as to limit the choice in transmission 
voltage. On the other hand, large charging currents can be 
allowed if synchronous phase modifiers are installed to maintain 
the line voltage constant. 

In the absence, therefore, of special circumstances it appears 
desirable to choose the higher frequency of 50 or 60 cycles as the 
case may be. The advantage of unificatioi) is to reduce the coat 
and simplify the manufacture of terminal apparatus due to the 
use of fewer designs. Furthermore, the adoption of one common 
supply frequency throughout the country facilitates the inter¬ 
change of energy between different undertakings by removing the 
necessity of employing frequency changers as the link between 
interconnected systems. 
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CHAPTER XII. 

APPARATUS FOR THE PREVENTION OF DANGEROUS 

CURRENTS. 

156 . Circuit-breakers. —The earliest methods of guarding 
against the effects of dangerous currents was by the employment 
of fuses in series with the circuit to be protected. This simple form 
of overload protection worked satisfactorily on the low-voltage 
small-power transmissions laid down in the early days of the 
electric supply industry, but it is manifestly unsuitable for 
present-day systems. High-tension fuses or fuse-switches, how¬ 
ever, are often used for small consumers supplied through tappings 
from the main transmission line, owing to their low cost compared 
with the cost of circuit-breakers. 

Generally speaking, however, high-voltage alternating-current 
circuits are broken by means of oil circuit-breakers. These 
breakers possess tlie valuable characteristic of rupturing the 
circuit near to the zero point on the current wave. An arc is 
drawn out between the separating contacts of the breaker under 
the oi], and this arc is rapidly cooled and compressed by the 
surrounding oil. Naturally, the capability of resistance to 
rupture^ of the hot vapour column forming the arc is at a 
minimum when the current flowing is at zero, at which instant 
if the breaker be equal to its duty the circuit is finally opened 
It will thus be seen that the circuit is broken at the most favour¬ 
able moment, in strong contra-distinction to the case of the air- 
break circuit-breaker with which, on an altei*nating-current circuit, 
the tendency to rupture is strongest when the current is at its 
maximum^ 

Circuit-breakers are almost always of the automatic type, 
that is they are equipped with trip coils, which on the occur¬ 
rence of abnormal conditions in the main circuit are energised 
by means of relays. The mechanical design of the breaker is such 
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that when it is closed considerable energy is stored in strong 
springs and the parts held together by a system of toggles, the 
latter being so constructed that only a slight pressure on a trigger 
is needed to open the breaker. When actuated by the protective 
relay, the trigger is tripped, thereby releasing the potential energy 
of the springs which causes the contacts to open in a small 
fraction of a second. 

157 . Protective Relays. —The protective relay may be defined 
as an electrical instrument interposed between the main circuit and 
the circuit-breaker in such a manner that any abnormality in the 
circuit acts on the relay, which in turn, if the abnormality is of a 
dangerous character, causes the breaker to function and relieve or 
protect the circuit and apparatus. In recent years great advances 
have been made in the design and construction of these instru¬ 
ments, and present-day types can be depended upon in practically 
all conceivable cases of electrical distress. The importance of 
automatic protective devices has grown with tlie size of trans¬ 
mission systems and their systematic employment is now almost a 
necessity. These devices protect the plant from damage in the 
event of heavy fault currents occurring, but tlieir chief function is 
to preserve the continuity of the general supply by rapidly remov¬ 
ing from the system faulty lines or apparatus. By the employment 
of selectively-acting protective relays, defective lines can be auto¬ 
matically located and cut out of circuit with the minimum amount 
of disturbance to the rest of the system, and in many cases while 
the fault is in its early stages. 

A current flowing in an electric circuit becomes dangerous 
either when it increases in magnitude beyond the capacity of 
the conductor, or when the electric power corresponding to the 
current in question flows in the wrong direction, or when due to 
failure of the insulation the current follows a path other than 
the prescribed one. Hence automatic protective devices may be 
roughly classified as follows :— 

1. Overload relays or devices which operate when the current 
exceeds a certain predetermined limit. 

2. Reverse-power relays which operate when the flow of 
power at any instant is in the reverse direction to that which is 
normal at that instant. 

3. Leakage relays which operate when current flows through 
other than the proper channels. 



PREVENTION OF DANGEROUS CURRENTS SOS 


Generally speaking, protective devices used for the purpose of 
opening circuit-breakers have their connections divided into three 
circuits. The first is the primary winding of a current trans¬ 
former which is connected in series with the main circuit to be 
protected. This primary winding very often consists of a single 
turn, or even of the main conductor merely linked through an 
iron core. The second circuit consists of the secondary winding 
of the current transformer and the relay-operating winding. 
The third, or tripping circuit, may be either D.C. or A.C. and 
consists of a source of supply,"the trip coil on the circuit-breaker, 
and the relay stationary contacts. The operation of the relay is 
effected by another contact which is attached to the moving 
element of the relay. When the abnormality on the protected 
circuit reaches a certain predetermined magnitude, the moving 
element of the relay causes this latter contact to bridge the 
stationary contacts, thus completing the tripping circuit, energis¬ 
ing the trip coil of the breaker, and causing the breaker to open. 

One of the most important points in connection with the 
installation of protective devices is the source of supply for the 
tripping circuit. This supply should be absolutely reliable, and 
if possible independent of the system being protected. A separate 
storage battery fulfils the requirements best, and is always used 
for tripping purposes in systems of any magnitude. 

158 . Constructional Details of Relay.—The majority of 
protective relays depend on the magnetic effect of the current for 
their operation and fall roughly into three classes; ( 1 ) the 
electromagnet type, utilising the attractive force of an electro¬ 
magnet on an armature, ( 2 ) the solenoid-and-plunger type, 
making use of the suction effect of an enei'gised solenoid on 
an iron plunger, and (3) the induction type, employing the basic 
principles of the induction motor and watt-hour meter. Relays 
are made in a large variety of forms and a detailed description 
of the various makes in use is outside the scope of this work. 
However, for the sake of completeness, a short description of the 
design and construction of a typical induction-type relay will 
be given. It is generally acknowledged that relays based on 
the induction principle are the most accurate and reliable for 
overload or reverse-power protection. The calibration has the 
valuable quality of permanency, and independent adjustment can 
be made within wide limits both as regards current and time. 
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The form of relay made by the Westinghouse Co. is illustrated 
in Fig. 88. The conductor to be protected forms the primary of 
a current transformer, and the secondary winding of this trans¬ 
former is connected in series with the relay winding E. On the 
same core as E is another winding A, which supplies the pole- 
piece windings B and D by transformer action ; the path of 
the magnetic flux being indicated by the dotted lines in the 
figure. The value of overload at which the relay will operate 
depends on the number of turns of E connected in series with the 
current transformer, and several tappings are taken from one end of 
E thus providing for an adjustable current setting. When current 



Fia. 88.—Magnetic and electric circuits of Westinghouse induction-type relay. 

passes through E the disc K (shown in plan in Fig. 89) tends to 
rotate, but this movement is opposed by the spiral spring I 
fastened with its outer end to the permanent support M and its 
inner end to the shaft L which also carries the moving contact F. 
The rotation of the disc is damped by the permanent magnets 0. 

When sufficient current flows through the coil E to develop in 
the disc the necessary torque, it rotates until the contact F touches 
contact G, thereby completing the trip circuit. It is essential 
that the time of action of the relay for a given overload can be 
adjusted, and to accomplish this the angle through which the 
contact F must travel is varied. Thus, if the contact must travel 
one-half revolution it may take two seconds, but the stop H can 
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be arranged so that the contact need only make one-fourth of a 

revolution and then the time will be halved. Other positions of 
H, set by a small lever, enable any time from instantaneous to 
a maximum to be set. 

Owing to the accuracy required in a relay the parts must be 
small, and delicately constructed. Consequently the contacts of 
the trip circuit cannot be of a heavy character and are not de¬ 
signed to open the trip circuit, either intentionally or uninten¬ 
tionally, once it has been established. This is an important 
point as the tripping circuits are as a rule highly inductive, and 
the D.C. arc which would naturally follow the opening of the 
circuit might persist for a considerable length of time, and result 



Fig. 89.—Top view showing position of contacts, etc., in Westinghouse relay. 

in serious damage to the contacts. For this reason it is necessary 
that the tripping circuit be opened by a small auxiliary switch 
fastened to the moving parts of the circuit-breaker, in such a 
manner that the opening of the breaker automatically opens the 
tripping circuit also. 

A contactor switch connected in parallel with the relay con¬ 
tacts is usually provided for two reasons. In the first place, a 
circuit-breaker takes a definite period of time, say, 0*2 to 0*3 
seconds to open after the relay contacts have closed and the trip 
coil of the breaker has been energised. Now if during this small 
interval of time the overload disappears, the relay would instantly 
attempt to reset, and in so doing would open the tripping circuit 
before the auxiliary switch attached to the breaker could operate, 
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thus resulting in severe burning of the relay contacts. In the 
second place, the overload might just be great enough to barely 
close the relay contacts. This weak closing might not allow 
sufficient current to pass through to operate the trip coil of the 
breaker, and the contacts would chatter and burn badly. By 
employing the contactor switch the weak fluttering contact is 
changed into a good positive contact, which ensures that the 
tripping circuit is kept closed until opened externally by the 
auxiliary switch on the breaker. A diagrammatic scheme of the 
contactor switch is shown in Fig. 90. The relay contacts A, 
when they close the tripping circuit of the relay, energise the 
small coil B which attracts an iron plunger C and closes the 
contacts D which are in parallel with A. Thus, it will be seen 



Fig. 90.—Contactor switch for use with relays. 

that even though the contacts A should open, the current will 
pass through B, and contacts D will stay closed until the auxiliary 
switch on the circuit-breaker opens the circuit; when this occurs 
coil B loses its pull and allows contacts D to open. 

159- Overload Relays—The application of plain overload 
relays for the protection of a three-phase line is illustrated in 
Fig. 91. The current transformers together with their respective 
relay-operating coils are connected in star, and on the occurrence 
of an excessive current in the line, either due to a short-circuit 
between conductors or between a conductor and earth, the circuit- 
breaker is immediately tripped out. On an unearthed system only 
two current transformers and two relays are necessary. In this 
case it is obvious that an earth on one phase only cannot produce 
an overload, hence two or three phases must be affected, and at 
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least one relay will function when the predeterBiined magnitude 

of current is exceeded. 

i6o. Overload Relays with Series Tripping.— Occasionally 
it is desired to have some form of overload protection without 
incurring the expense of installing and maintaining a storage 
battery supply for tripping purposes. In this case the secondary 
current of the current transformer can be used as the emergency 
source, and a series tripping relay employed. The secondary of 
the transformer is connected in series with the trip coil on the 
circuit-breaker, but this coil is normally short-circuited by the 



Pio. 91.—Plain overload protection for three-phase line. 


relay. On the occurrence of an abnormal current in the line 
the contacts of the relay open, and the secondary current flows 
through the alternative path formed by the trip coil thereby 
energising it and opening the breaker. The diagram in Fig. 92 
shows the connections for a single-phase lina With an unearthed 
three-phase system two current transformers and relays, and with 
an earthed three-phase system three transformers and relays, are 
required for complete overload protection. The drawback of this 
method is that if the relay contacts become dirty, or make poor 
contact due to vibration, they may shunt current through the 
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trip coil under normal load conditions and trip the circuit-breaker 
without cause. Hence it would be difficult to justify the omission 
of a storage battery or other separate source of energy on in¬ 
stallations of any importance. 

l6l. Time Delays. —For many purposes an instantaneously- 
acting, overload relay is undesirable, and a time lag is introduced 
therein. In the event of a momentary fault or temporary over¬ 
load the circuit will then not be disturbed. The method of lag¬ 
ging or damping the moving element of a relay depends largely 
on the principle of operation. In the solenoid-and-plunger type 
some manufacturers employ a leather bellows with a small adjust¬ 
able needle valve to allow the air to escape slowly. As the 
plunger attempts to rise the air is compressed in the bellows, 
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Fia. 92.—Overload protection with series tripping. 


thus retarding the movement. Other manufacturers use a dash- 
pot with oil to retard the action. In the induction type of relay 
the time lag is obtained by setting back the fixed stop, so that 
the disc has to rotate through a greater angle before making 
contact. The permanent magnets also exert a damping efiect. 

In the event of series tripping being employed, a time lag can 
be imparted to the relay by connecting a fuse in parallel with the 
relay contacts. On the occurrence of an overload the contacts 
open, thus causing the excess curren*: to pass through the fuse 
until the latter blows and the current is diverted tlirough the 
trip coil. A cheaper arrangement still is to do away with the 
relay and simply employ a fuse connected in parallel with the 
trip coil of the breaker, the trip coil being across the secondary 
of the series transformer. 
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The above methods of introducing a time lag into the action 
of the relay result in the production of relays having an inverse 
time limit. By tliis is meant that the time required for the relay 
to operate becomes shorter the greater the overload, the time lag 
varying approximately inversely as the current. An ordinary 
fuse gives protection of this character. Fig. 93 gives typical 
curves of an inverse-time-lag overload relay. 

Another form of time lag used with relays is the definite time 
limit. As the name implies, in this type of protection there is a 
definite time delay between the instant of disturbance and the 
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Fig. 93.—Typical time-load curves for inverse-time-lag relays. 


closing of the relay contacts, and this delay in the action is in no 
way affected by the magnitude of the abnormality. 

Both inverse-time-lag and definite-time-lag overload relays 
have their field of application, but on transmission systems they 
have been almost superseded by the compensated overload relay 
which will be described below. 

162. Application of Overload Relays to a Radial Trans¬ 
mission System. —In any system of power transmission there 
will be found several circuit-breakers in series such as the 
generator breaker A, the main line breaker jB, the receiving- 
station feeder breaker ( 7 , and the substation feeder breaker D, 
This type of layout, shown diagrammatically in Fig. 94, is known 
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as a radial system of transmission. Supposing now that each of 
these circuit-breakers are fitted with instantaneous overload relays 
it is exceedingly probable that a heav}’’ short-circuit occurring on 
the consumer s premises would open the whole series right up to 
and including the sending-end station breakers, thus involving a 
general stoppage of supply. This would also be the case if the 
relays were of the inverse-time-lag type since at heavy loads, as 
shown by the curves, their action is almost instantaneous. Both 
these relays are unsuitable for a transmission system as they have 

no discriminative properties. The 
object to be aimed at is to open 
the circuit-breaker nearest to the 
fault, and all the others should 
remain unaffected so as to limit 
the area of the disturbance as 
much as possible. 

The first reliable method of 
ensuring the correct sequence of 
operation was to employ definite- 
time-lag relays. Thus D would 
be set to trip instantaneously, C 
would trip after 1 second, B after 
2 seconds, and A after 3 seconds, 
no matter what the magnitude of 
the overload. This method has the 
undesirable feature that a 100 % 
overload is tripped as quickly as 
a short-circuit. Furthermore, on 
a large system having, say, four or five subdivisions of the 
radial laj^out, the time delay close in to the generating station 
would become dangerously long under short-circuit conditions. 

To meet these difficulties the compensated overload relay has 
been developed and now enjoys a wide application. The relay is 
of the induction type but is supplied from a small transformer 
called a ‘ torque compensator ’ which is so designed that it becomes 
saturated with heavy currents and thus limits the disc speed to a 
predetermined maximum. By this means an inverse time-lag can 
be obtained at moderate overloads, but with heavy overloads or 
short-circuits there is a definite minimum time of operation, as 
shown by the curves of Fig. 95. 



. 

Pig. 94.—Radial system of 
transmission. 
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Modern circuit-breakers can be depended upon to open a cir¬ 
cuit within about 0*25 second of the relay contacts closing, and 
allowing the same interval of time to compensate for any inac¬ 
curacies which may exist in individual breakers or relays, a reli¬ 
able selective action can be obtained with differences of 0 5 second 
between consecutive relays. Generally speaking, it is not safe to 
sustain a short-circuit on the generators for longer than 2 seconds, 
and the last relay may be instantaneous. Hence, about five com¬ 
pensated overload relays may be used in series on a radial system, 
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Pig. 95.—Ideal time-load curves for compensated-time-lag relays. 


and each division will not only be reasonably well protected, but 
will not cause interruption to any good feeder between the 
busbars supplying the defective feeder and the generators. 

163. Protection of Parallel Lines by Overload and Reverse- 
power Relays. —In any important system of power transmission 
reliance is not placed on one single line or feeder. At least two 
lines are employed and are connected normally in parallel so as 
to share the load. These lines may or may not run on the same 
towers or the same right of way. Special means of protecting 
such parallel lines are available which, in the event of a fault 
occurring, will select and isolate the defective line while tlie 
other instantly assumes the increased load. 
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The simplest method is to install time-graded overload relays 
at the sending end of the lines and instantaneous reverse-power 
relays at the receiving end, as shown in Fig. 96. If, now, a heavy 
fault or short-circuit occurs on one line at the point X, current 
will flow into it through B, and also through A, (7, and B. The 
direction of power flow will be reversed through the relay on B, 
which will open. The excess current is then confined to B until 
its overload relay operates and trips the breaker, thus completely 
isolating the defective line. 

This method of protection until recently suffered from faults 
due to the employment of reverse-power relays. These relays 
have not always been of a reliable character and the develop- 
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Fig. 96.—Protection of parallel lines by means of overload and reverse-power 

relays. 


ment of a satisfactory design has not been a simple proposition. 
It might appear at first sight an easy matter to place contacts 
on a wattmeter, the contacts being normally open, and closing 
on reversal of power. In the case of a short-circuit near the 
generating end of the line, however, the voltage will be very low 
even if the current is high. In fact, actual tests have shown 
that under such circumstances the voltage may drop down to 
1 or 2 of normal. Furthermore, in the case of three-phase 
systems, phase distortions are introduced on the occurrence of 
short-circuits on one phase only or between one conductor and 
earth. These asymmetrical short-circuits may so distort the 
relation of current and voltage as to cause the angle between 
them to be almost 90 degrees. Consequently the ordinary 
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wattmeter movement has been found to be entirely inadequate, 
on account of there being insufficient torque to operate the 
mechanism when short-circuits have caused the voltage and 
power factor to drop to low values. Another disadvantage has 
been that sudden momentary surges, due to synchronising or 
other switching operations, would trip out the breakers un¬ 
necessarily. 

The reverse-power relay brought out by the Westinghousc Co. 
is claimed to possess neither of the above disadvantages. Fig. 97 
gives a diagram of the electrical connections. In the relay two 



Fig. 97.—Magnetic and olectnc circuits of Westinghousc reverse-power relay. 

entirely separate moving elements are employed, one being a 
simple overload element, and the other a wattmeter or directional 
element. The relay contacts of both these elements are in series. 
The directional element is made very quick-acting and sensitive, 
the least flow of power in the reverse direction being sufficient 
to close its contacts. The circuit-breaker, however, cannot be 
tripped unless the excess current is of such a magnitude as to 
close the overload-element contacts also. This prevents the 
breaker being tripped by switching surges or temporary reversals 
of energy due to hunting of substation machinery. On the other 
hand, with current in the normal direction, the directional-element 
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contacts are always open, so that if the overload-element contacts 
were closed by an excessive current the breaker would not be 
tripped. It is stated that this type of relay selects between 
overload in the normal and reverse directions even though the 
pressure drops to 2 °/^ of normal, and the power factor to 10 Ve¬ 
in connection with the diagram of Fig. 97 there should be noted 
the employment of the torque compensator previously mentioned 
in order to obtain a definite minimum time of operation for the 
overload element.^ 



164. Protection of Ring System. —When several substations 
are fed from the receiving-end station and their geographical 
situation is favourable, the ring system is one of the best means 
of securing uninterrupted supply with a minimum expenditure 
on transmission lines or feeders. An elementary diagram of such 
a system is illustrated in Fig. 98, where A is the receiving station, 
and B, (7, i), and E are the substations. The lines running 
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between any two of the substations are known as interconnectors. 
In the lines AB and AE the flow of power must bo always in 
the same direction, tliat is from the source outwards, but in the 
interconnectors BG, CD, and DE the flow may be in either 
direction varying with the load conditions. It will be readily 
seen that if a fault occurs on any of the lines, and the defective 
line can be promptly isolated, there will be no interruption of the 
supply to any of the substations. 

The protective arrangements for such a system comprise 
time-lag overload relays at the main station, and time-lag reverse- 
power relays at both ends of the substations. The reverse-power 
relays are set so that they will only trip when an overload flows 
away from the substation which they protect. Going round the 
ring in the direction ABODE, the relays on the further side of 
each station are set with decreasing time lags; for instance, 
A == 2 seconds, = 1*5 seconds, (7=1 second, D = 0*5 second, 
and E is instantaneous. Going round the ring in the opposite 
direction, the relays on the outgoing sides would be set as follows : 
A = 2 seconds, E = 1*5 seconds, i) = 1 second, G = 0’5 second, 
and B is instantaneous. Now remembering that the reverse-power 
relays are set so as to function only when power flows away from 
the substation at which they are installed, a study of the diagram 
will make it clear that a short-circuit occurring at any point on 
the system will cause to operate only the two circuit-breakers 
immediately adjacent. 

When parallel lines are used between substations on a ring 
system the reverse-power relays will maintain the ring intact by 
isolating only the faulty line. In ordinary parallel line protection 
the reverse-power relays are set to act almost instantaneously in 
order to cut out the defective line as quickly as possible, but 
when applied to a ring system the relays must be set with a 
decreasing time-lag as described. 

165. Protection of Parallel Lines by Interlocked Relays.— 
The use of overload and reverse-power relays does not afford a 
complete solution of the problem of parallel-line protection owing 
to the fact that the reversal of current alone is not a criterion of 
failure of the line in which the reversal occurs. Such a reversal 
may be produced by surges of power fed back from rotary 
converting apparatus or other synchronous plant installed on 
the distribution system. In case of a fault occurring near the 
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generating station the operating voltage is suddenly reduced and, 
the synchronous machinery then feeds back energy into the fault, 
the current reversing in perfectly healthy lines. On the other 
hand, a high-resistance fault on a line would not cause any 
reversal of current, so that in this case the deiective line would 
not be isolated. 

An advance in the art of parallel-line protection takes 
advantage of the fact that under normal conditions lines of the 
same length and cross-section will take practically equal shares 
of the load current. A break-down on one line, however, will alter 
the relative current values, the faulty line carrying the heavier 
current. By interlocking the relays of the two lines either 
electrically, electroinagnetically, or mechanically, the isolation of 
the faulty line can be securinl. 



Fig. 99.—Balanced o\erload lelay. 


Consider first of all the sending-end protection. To dis¬ 
criminate between two parallel lines, interlocked overload relays 
of the type illustrated diagrammatically in Fig. 99 may be used. 
The two coils are operated respectively from series transformers 
on the two lines, and the balance arm of the relay is pivoted in 
its middle position. So long as the currents are equal the balance 
arm will be unaffected, but with an increase of current on one 
side the arm will be drawn down on that side against the action 
of the spring, and will close the corresponding pair of contacts to 
trip the circuit-breaker in the more heavily loaded line. 

On the faulty line being disconnected the other takes the 
whole of the load, and some device is required to prevent its being 
tripped out. A satisfactory method of accomplishing this end is 
by means of small auxiliary switches on the circuit-breaker. 
This automatically converts the protection into time-lag overload 
protection on the line left hi ci»Tnil 
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In practice, a perfect balance of current between the lines is 
not obtainable, due not only to the line impedances varying, but 
also to dissimilarities in the characteristics of the current trans¬ 
formers. Hence, on a severe overload, there will be an appreciable 
excess current on one side or the other of the relay. For 
example, if the maximum short-circuit current or ‘ through * 
current was 50 times the normal-load current in each line, and 
the relay coils balance under normal load conditions within 2 %, 
then on dead short-circuit there will be a difference current equal 
to normal-load current, and the relays of course must not operate 
under these conditions. Hence, under these circumstances, a 
fault setting more than 100 % normal load of the line 

must be used. 

This difficulty of balancing is completely eliminated by mak¬ 
ing use of the principle of biasing first suggested by Wedmore.^ 



OPERATINO RESTRAINING 

COIL COIL 

Fig. 100.—Biased overload relay. 


Each line is provided with a relay having two coils, one an 
operating coil, and the other a restraining coil, as shown in 
Fig. 100. The operating coil is excited from the line that is being 
protected, and the restraining coil from the line in parallel with 
it. The arrangement is biased in favour of the restraining coil to 
the extent of, say, 10 % by placing extra turns on the latter coil, 
or altering the position of the fulcrum of the balance arm, so as 
to make its effect more powerful than the operating coil by 10 7o‘ 
The relay will then operate when the fault current amounts to 
10 of the current flowing in the main circuit whether this is 
normal load or overload. The devices may be set to operate 
instantaneously and a gradually developing fault removed while 
the leakage current is fairly small, but are iminfluenced by heavy 
‘ through ’ currents due to a short-circuit on some more remote 
part of the system. 

Fig. 101 shows the application of biased overload relays to the 
protection of two parallel lines. The current transformers are 
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connected for circulating current and so the points P and P' are 
normally at the same potential. Thus the transformer current 
normally circulates through the parallel path formed by the 
operating and restraining coils of the relays. If one line carries 
current in excess of that carried by the other, the major portion 
of this excess current flows through the local circuit formed by 
the operating coil of the relay protecting the faulty line and the 
balancing lead. 

At the receiving end of parallel lines, protection can be secured 
by means of interlocked reverse-power relays. The application 
of the interlocking idea here renders the relays independent of 


SENDING END BUSBAR 



Fig. 101.—Protection of parallel lines at sending end by interlocked overload 

relays. 

surges of power fed back from synchronou.s machinery on the 
system. Fig. 102 illustrates the employment of interlocked 
reverse-power relays arranged for series tripping. The current 
transformers in the two lines are so connected that current 
normally circulates between them and the relays, and trip coils 
are connected in shunt to them. No current, however, flows 
through the relays, which are connected in series between equi- 
potential points. In case of unbalancing, the difference current 
flows through the relays in such a direction as to operate the 
relay on the faulty line and to restrain the other, so that the 
faulty line only is isolated. 

The principle of interlocked overload and reverse-power relays 
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may be extended to several lines in parallel, and can also be 
applied direct to the various elements of a radial transmission 
system. Ring systems with parallel lines can be protected by 
installing interlocked overload relays at the main station and 
interlocked reverse-power relays at both sides of the substations. 



RECCIVINO END BU9 BARS 


Pia. 102.—Protection of parallel lines at receiving end by interlocked reverse-power 

relays. 

i66. Core-balance Leakage Protection.—A number of 
methods are now in use whereby the leakage of current from an 
electric circuit is caused to automatically disconnect the faulty 
circuit from the system. Such leakage protective gear can only 
be used on earthed systems, as it is essential that any fault current 
from a conductor to earth should have an adequate return path 
to the system. On large systems, however, there may be no 
necessity to earth the neutral point direct, since the path provided 
by the capacitance of the conductors may have a sufiBciently low 
impedance to ensure operation of the protective gear. 

On a transmission line protected only by overload relays, a 
fault may not be of sufficient magnitude to operate the relays. 
Thus the leak may continue for a long time and do considerable 
damage before it ultimately develops into a short-circuit and is 
removed from the system. The use of leakage protective devices 
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under sucli circumstances ensures disconnection of the fault in its 
early stages. 

Fig. 103 shows the use of a core-balance leakage relay to 
protect a line against faults to earth. The three conductors of 
the three-phase system are surrounded by the iron circuit of a 
current transformer. This has a single secondary winding which 
is connected to the relay. If there is no earth fault on the line 
the instantaneous sum of the three currents is always zero, and 
there is no resultant flux in the core of the current transformer 
no matter how much the load is out of balance. The sum of the 
three main currents, however, is no longer zero if an earth fault 
appears on the system, in which case a current is induced in the 



transformer secondary causing the relay to operate. By this 
means it is possible to secure definite and instantaneous operation 
with a leakage current corresponding to 5 7o of the full-load 
current in the circuit protected. 

In its application to a multi-core cable a special form of core¬ 
balance transformer, the Ferranti-Field current transformer, can 
be used. Instead of having primary windings, the core of this 
transformer is in two halves and is clamped over the outside of 
the cable, first of all removing the armouring of the cable. The 
transformer is exactly the same in principle as illustrated in Fig, 
103. It is remarkably easy to install and test, but cannot be made 
to respond to such small leakage currents as a transformer of the 
usual type having a wound primary. 

Leakage protection is one of the simplest and probably the 
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cheapest form of protection against fault conditions, but cannot 
be regarded as adequate for a radial system of transmission 
requiring many relays in series owing to its lack of discrimina¬ 
tion. It could, however, be made suitable for use on such a 
system if the neutral was earthed through a high resistance, so 
as to obtain smaller currents and powers on dead short-circuits to 
earth. Fault currents would then be definitely limited in value, 
and could be allowed to flow in the system for several seconds 
without much fear of damage. Under these circumstances definite 
time-lags could be fitted to the leakage relays, and discrimination 
between relays in series with each other could be obtained. 

167. Combined Leakage and Overload Protection.— 



Fig. 104.—Combined leakage and overload protection. 


The core-balance protection outlined above suffers from the dis¬ 
advantage that if the fault or leakage occurs between phases 
the relay is inoperative. This disadvantage is overcome by the 
method of using three separate current transformers, due to 
Wedmore.^ In this system of protection two overload relays and 
one leakage relay are connected as shown in Fig. 104. The two 
overload relays are sufficient to protect all three phases, while the 
leakage relay receives the resultant current from all three trans¬ 
formers, this being zero unless there is a leakage fault on the 
system. Hence protection is obtained against faults and short- 
circuits either to earth or between phases. 

A simpler but less sensitive arrangement is to dispense with 
relays and employ three trip coils on the circuit-breaker, these 
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coils being connected in the same position as the three relay- 
operating coils in Fig. 104. 

i68. Core-balance Protection of Parallel Lines.— Simple 
leakage protective gear is unsuitable for use with parallel lines. 
This is seen from a consideration of Fig. 105. If an earth fault 
occurs on line A it is clear that the leakage current will flow not 
only along A but also in part along B. If both lines are equipped 
with leakage protective gear both lines will be disconnected— i.e. 
both the sound and the faulty one which is not desirable. 

Possibly, as suggested by Garrard, this could be overcome by 
interlocking the leakage relays in a similar manner to that 
described in connection with overload relays, as the faulty line 



Fig. 106.—Effect of leakage on parallel lines. 


would have the heavier leakage current. A biased relay could 
then be used if necessary, the leakage current through the pro¬ 
tected line going through the operating coil, and that of the 
parallel line through the restraining coil. 

169. Merz-Price Protection. —The fundamental principle on 
which this system of protection is based is that under healthy 
conditions the current entering one end of a line is equal to that 
leaving the other end. As soon as a fault occurs, however, this 
condition no longer holds, and the difference between the incoming 
and outgoing currents is arranged to operate a relay and isolate 
the defective line. 

The application of this principle can be easily understood from 
the diagram given in Fig. 106, where the connections are shown for 
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the sake of simplicity as relating to a single conductor. Two 
similar current transformers are connected together by means of 
pilot wires, so that under healthy conditions the voltages of the 
two transformers are balanced against each other, with the result 
that no current flows through the relays connected in series with 
the secondaries of the transformers at each end. Should, however, 
the currents at either end become unequal due to a fault some¬ 
where on the line, then the secondary voltages no longer balance 
and a current flows through the relays tripping the circuit- 
breakers at both ends of the line. 

In actual practice, on a three-phase line each conductor has 
its own pair of current transformers and relays, these being 
connected by a three-wire pilot circuit. The other ends of the 
current transformers are connected in star, the neutral point 
being earthed at one end of the pilot circuit only, so as to prevent 



Fig. 106. —Principle of Merz-Prioe protection. 


any current flowing between the two star points as this might 
operate the relays. This system has been widely employed for 
the protection of underground lines, and the pilot circuit then 
consists of a three-core, 7 /0- 029", low-pressure cable, usually, but 
not necessarily, laid alongside the protected cable. 

In the early arrangements of this gear, high-fault settings 
were necessary to secure stability when lines were carrying 
momentarily enormous currents due to a short-circuit outside the 
protected zone. These high-settings were caused by:— 

1. The difficulty of obtaining current transformers to balance 
accurately at very high loads. 

2. The effect of capacitance currents flowing in the pilot circuit. 

The out-of-balance effects associated with the use of ordinary 

solid-core current transformers have now been eliminated by the 
development of the distributed-air-gap (D.A.G.) type of transformer 
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which has a straight-line voltage/current characteristic over the 
whole range of operation. 

The trouble due to capacitance currents in the pilot circuit 
arises from the fact that, under through-fault conditions, voltages 
of the order of 1 000 volts or more are impressed on this circuit 
so that capacitance currents are comparatively heavy, and the relays 
must naturally be set sufficiently high to prevent operation under 
these circumstances. These capacitance currents have now been 
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Fig. 107. —Merz-Price protection using compensated pilot cables. 


rendered inocuous by the introduction of the Beard-Hunter com¬ 
pensated pilot cable in which means are provided of shunting the 
currents from the relays. This action is obtained by surrounding 
each conductor of the pilot cable with a metallic screen or sheath 
which is divided at the centre of its length so as to form two 
conductors of equal length. When a heavy overload comes on, a 

high potential is induced in the 
transformer secondaries, but the 
resulting capacitance current, in¬ 
stead of flowing in the relays, 
flows in the local circuit formed 
by the sheath, transformer, and 
pilot wire. This circuit can 
Fig. 108.—Section of Beard-Hunter easily be traced in Fig. 107 and 
compensated pilot cable. a section of the shielded pilot 

cable is shown in Fig. 108. As 
a consequence, much more sensitive relay settings can be employed 
than with the ordinary pilot cable. Furthei*moi*e, owing to the 
screening effect of the metallic sheaths, it is possible to embody 
telephone wires in the pilot cable, thus enabling one large strong 
cable to be used instead of two relatively weak ones. 
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170. Ferranti-Hawkins Protection. —This form of protection 
is very similar to the Merz-Price system, the difference being that 
instead of tliree separate current transformers being employed at 
each end of the line one core-balance transformer is used to link 
with all three conductors, as illustrated in Fig. 103. The current 
transformers are of the Ferranti-Field type and are clamped over 
the three-core cable to be protected, one at each end. The 
secondary windings of the transformers are connected by means 
of a two-core pilot cable, and under normal conditions no poten¬ 
tial difference exists between the 

various parts or the pilot-wire - 1 - 

circuit. With a fault current to y* 

earth the vector sum of the _ 

currents in the main circuit at Z i 

one end is no longer zero, and ‘~1 . I 

this causes a current to be in- 

duced in the secondary winding S I I Operofifig Cent 

j ^ Coil 

of the transrormers thus operat- ] 

ing the relays. ^ 

This g(‘ar is very simple and | [ 

is also discriminative in action. 

It is, however, sensitive to earth « — 

faults only, and will not operate K t 

if faults occur between the cores I 

a 

of the cable. In practice these 

inter-core faults rapidly destroy p.--8 w. 

the insulation to earth and as 1 

soon as this happens the gear jZ 1 

will operate. T 

171. McColl Protection.— \ 

This system of protection in its -1- 

.. .. * , RECEIVING END BU5BAR 

application to one phase ot a line ^ . 

^ J Fio. 109.—McColl biased line 

IS illustrated in Iij^. 109. The protection. 

protected conductor forms the 

primary of two current transformers, one at each end of the 
line, the secondaries being connected in series by means of two 
pilot wires. At each end of the line a beam relay is employed, 
the two restraining coils being connected in series with the trans¬ 
former secondaries. Each secondary also feeds the operating coil 
of the beam relay througli a duplicate circuit which is adjusted to 
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Fio. 109.—McColl biased line 
protection. 
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have the same resistance as one of the pilot wires. The relay is 
mechanically biased by having the fulcrum situated somewhat 
nearer the operating coil than the restraining coil, giving a 
greater leverage to the latter. 

* When the line is healthy the secondaries of the two trans¬ 
formers are circulating the same current, the two pilot wires and 
the two secondaries forming a closed circuit through which the 
current flows. Thus transformer No. 1 is responsible for the task 
of passing the current down one-half of the total system, that is 
down one pilot wire. Now this transformer has also an alter¬ 
native path for its current in the duplicate circuit connected to it 
which, as has been stated, is of the same resistance as the pilot 
wire. Hence equal currents flow round the two coils of each 
relay and the latter is quite stable. 

If, however, a fault develops in the line, more current will 
flow through transformer No. 1 (this being the sending end of the 
line) than No. 2, and consequently its secondary will deliver a 
greater current than the other. There is thus an excess current 
that does not circulate through the distant transformer. There 
are two paths open to this additional current; one through its 
own duplicate circuit, and one through the duplicate circuit at the 
other end in series with the two lengths of pilot wire. It will be 
seen that the latter path has three times the resistance of the 
former, so that three-quarters of the extra current will pass 
through the operating coil of the nearer relay, and a quarter 
through the restraining coil of this relay and the two coils of the 
distant relay. 

The result is that 75 7o extra current affects the operat¬ 

ing coil, and thus the relay tends to operate but is restrained by 
the bias of, say, 10 7o which it has been given. If the total 
currents flowing through the two coils were calculated it would 
be seen that the effect of a 10 leak is to increase by almost 
exactly 10 7o the pull of the operating coil of the relay at the 
sending end of the line relatively to its restraining coil. The 
result of the 10 leak is therefore that the relay just balances, 
and when this percentage increases, operates, completing the local 
circuit and tripping the circuit-breaker. 

The above holds good whatever the load on the line, as the 
relay deals in percentages only. Hence a small fault setting 
down to 5 or 10 7o normal full load can be employed, while 
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there is no risk of the relays tripping owing to heavy ‘ through ’ 
currents. 

One advantage of this method of protection is that ordinary 
standard current transformers can be used. Also there is no 
trouble due to capacitance currents in the pilot wires as these 
currents flow through the restraining coils only, and actually 
produce a stabilising eflect. Unlike the two pilot-wire systems 
described above, a current is constantly circulating through the 
pilot circuit under normal conditions, so that if by any mischance 
this should be open-circuited, both relays will at once operate. 
Frequent inspection and testing of the pilot circuit is therefore 
unnecessary. 

Also, due to the fact that the secondary or pilot circuit carries 
a current which is a function of the load current in the line, the 



Fig. 110.—Self-compensatiog pilot-wire protection. 


system can be made to give additional overload protection. This 
feature may be obtained by the simple expedient of inserting 
fusas in circuit with the pilot wires. In the event of a relay or 
circuit-breaker failing to operate after a short-circuit on some 
remote part of the system, the large sustained current flowing in 
the pilot wires will blow the fuses and divert all the current of 
each transformer through the operating coil of its relay, thus 
putting an end to the destructive effects. 

172. Self-compensating Pilot Wire Protection. — This 
method of protection operates on the circulating-current system 
using plain three-core pilot cables, the general arrangement being 
illustrated in Fig. 110. The three current transformers at each 
end of the line energise a summation transformer connected so 
that two of the primary windings are responsive to phase-fault 
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current, and the remaining winding to earth-fault current 
(cp. Art. 167). The secondaries of the summation transformers at 
the near and remote ends of the line are connected in series througli 
two of the pilot wires, which thus carry a single-phase circulating 
current varying in magnitude according to the load being trans¬ 
mitted. The relays themselves are connected by means of the 
remaining pilot wire between the two points X and Y, which 
under normal operating conditions are at the same potential, so 
that the resultant current through the relays is zero. On the 
occurrence of a fault in the protected zone, the balance of the cir¬ 
culating currents in the pilot wires is disturbed, thus causing a 
current proportional to the fault current to flow in the relay pilot 
wire and trip the circuit-breakers at each end. 

In order to prevent false operation by capacitance currents in 
the pilot cable, a compensating transformer is used in conjunction 
with a fixed resistance linserted in each of the two outer pilot 
wires carrying the circulating current. The voltage drop across 
these resistances (which is proportional to the voltage drop along 
the pilot wires themselves) is stepped up by means of this com¬ 
pensating transformer, so as to be numerically equal to one-half 
of the voltage drop along each of the outer pilot wires. The two 
ends of the relay pilot wire are thus held at the potential of the 
centre points of the outer pilot wires, and the capacitance currents 
flowing to and from the relay pilot wire neutralise each other. 

The current transformers used on this system are of the 
ordinary solid-core type, but designed so as to have low values 
of magnetising current, so that false tripping with through 
currents will not take place. Hence, no special pairing of 
protective equipment is necessary.^ 

173 - Translay Protection —This method of protection oper¬ 
ates on the voltage-balance principle, and utilises relays of the 
induction type. Its application to a single-phase line is shown 
in Fig. Ill, all the tripping circuits being omitted for the sake 
of clearness. The line current transformers, which are of the 
ordinary solid-core type, energise the primary windings P of tlie 
relays, and thus set up corresponding e.m.fs. in the secondary 
windings 8. The latter windings, which are in series with the 
relay-operating coils, are connected in opposition by means of the 
pilot wires, so that no current can flow in this circuit under 
normal conditions. In the case of a fault in the protected zone, 
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the resultant difference between the voltages in tlie secondary- 
windings produces a circulating current, and the consequent inter¬ 
action between the fluxes produced by the operating and primary 
windings respectively causes the operation of the relays. 

Although the actual current in the pilot wires is small, ample 
power is available for relay operation as the bulk of this energy 
is derived from the other co-operating current. The pilot-circuit 
voltage under the worst conditions is limited by saturation effects 
to about 130 volts, so that the capacitance current is also small 
and in any case the latter produces little effect on the relays as 
it leads the main current by nearly 90°. Any tendency of tlie 
relays to operate due to the current transformers having dis¬ 
similar characteristics is prevented by a biasing device which sets 



Fig. 111.—Translay protection. 


up a backward torque in the relay disc, this torque increasing in 
magnitude as the fault current increases. 

In the application of this method of protection to a three-pliase 
system, separate relays for phase and earth faults are generally 
installed at each end of the line, the setting of the earth-fault 
relays being adjustable to comparatively low values. In this case 
a plain three-core pilot is required. A simpler scheme utilises 
only one relay for both types of fault, a two-wire pilot circuit 
being then suflScient.^ 

174. Split-pilot Protection. —This system is generally ar¬ 
ranged to function on current balance using a plain three-con^ 
pilot cable, two cores of which function on the split-conductor 
principle (cp. Art. 177). Fig. 112 illustrates the application of the 
method to the protection of a single-phase line. The current 
transformers at the near and remote ends of the line are connected 
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so as to produce a circulating current, and from Fig. 112 (a) it will 
be seen that this current divides equally in the split pilots (2) and 
(3), the resultant flux in the split-pilot transformers being zera 
At the centre point of the pilot cable a connection XV is established 
between the common pilot and one of the split pilots. Under 
normal operating conditions the centre point of each pilot wire is 
at the same potential so that this circulating current does not affect 
the balance of the system. In the event of a fault fed, say, from 



A, the out-of-balance current in the pilot wires distributes itself as 
shown in Fig. 112 (6). Neglecting the effect of that portion of the 
pilot circuit shown dotted, the pilot current divides in the split 
pilots in the ratio of three to one. Hence the tripping effect on 
each relay is the same, viz. proportional to three minus one at one 
end, and one plus one at the other. Although the shunting effect 
of the dotted path slightly alters the proportionality of the currents 
just described, the general principle still holds good. 

In order to eliminate false operation due to current transformer 
out-of-balance the distributed-air-gap type of transformer is 



PREVENTION OF DANGEROUS CURRENTS 881 


generally used, but solid-core type transformers can also be em¬ 
ployed if suitable precautions are taken. Capacitance currents in 
the pilot cable are the same in each split, and thus neutralise each 
other. 

When applied to a three-phase system the current transformers 
at each end of the line are arranged in delta formation, the trans¬ 
formers in each phase having a different turns ratio, say, in the 
proportion of 6 , 5 , and 4. This method enables discrimination for 
phase and earth faults to be obtained, and has the advantage of 
subjecting the pilots to a minimum resultant voltage for a given 
through current.^ 

175 . Interlock Protection.—On overhead transmission lines, 
protection systems involving the use of pilot cables are usually 
ruled out owing to the comparatively high cost of laying these 
cables, a special trench generally having to be excavated and re¬ 
instated for this purpose. The interlock system is a discriminative 
method of protection which, although requiring a pilot circuit, only 
utilises this circuit for a second or so on the occurrence of a fault, 
and even then only for the transmission of a signal at a low voltage. 
It can thus be arranged for a couple of telephone cores to be 
borrowed temporarily for protective purposes under fault conditions, 
these cores being then restored to normal use again. 

This method of protection uses overload and earth-leakage 
relays, and directional elements are also fitted. On the occurrence 
of a fault in an interconnected system the fault current must flow 
out of each healthy section at one end, and hy means of the 
directional elements this outgoing fault current is made to lock out 
the protective relays at that end, and by means of the temporarily 
borrowed telephone cores the protective relays at the other end. 
On the other hand, no fault current flows out of the faulty section, 
and therefore the protective relays at each end are free to operate. 
The relays must have a time-lag in order to allow prior operation 
of the locking-out arrangements, but this lag is quite small and 
also constant for any number of interconnected sections, so that the 
long time-lags associated with the use of time-graded relays on an 
extensive network are avoided.^ 

176 . Distance Protection.—Distance relays have been de¬ 
veloped to provide a cheap and yet discriminative form of protection 
for overhead lines where no pilot circuits of any kind are available. 
These relays function in accordance with the distribution of current 
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and voltage in a transmission system under fault conditions. For 
instance, on the occurrence of a fault on a simple radial system of 
transmission, the ratio of voltage to current at the various sub¬ 
stations is least at the substation nearest to the fault on the generat¬ 
ing station side, and increases towards the generating station. The 
ratio at each substation is, therefore, a measure of the impedance, 
and consequently a measure of the distance between that particular 
substation and the fault. In protective schemes of the distance 
type the relays are so designed that their times of operation are 
proportional to the ratio of voltage to current at the point of in¬ 
stallation, and consequently those nearer to the fault will operate 
quicker than those more remote. On the occurrence of a fault- 
therefore, the only circuit-breakers to be tripped will be those on 
the faulty section. The superiority of this method over that 
using ordinary time-graded overload or reverse-power relays arises 
from the fact that in the former case the time settings are auto, 
matically graded by the fault itself. This enables a fault close up 
to the generating station to be cleared as expeditiously as a fault at 
the most remote point on the network. The only time-lag required 
is that sufficient to allow the next relay to operate in case the fault 
is just beyond on the next section. In practice, however, instan¬ 
taneous protection can be given to about 75 7o ^f ^^ch line, and the 
small time lag (of the order of one second) applies only to the case 
of faults on the remainder of the line. The principle can, of 
course, be extended to interconnectors and ring mains by incor¬ 
porating a directional element in the relays. 

In order to eliminate jx)ssible inaccuracies arising from the re¬ 
sistance of an arcing fault or, in the case of an earth fault, due to 
the resistance of the earth path, some methods of distance protection 
such as the ratio-balance system operate in accordance with the 
reactance of the fault path rather than the impedance .* 

177 . Merz-Hunter Split-conductor Protection.—-This system 
is another method of securing the benefits of a balanced method 
of protection without the necessity of employing pilot wires. The 
principle of operation depends on the fact that two conductors of 
equal length and impedance when connected in parallel will share 
the load e(iually, provided that the insulation of the system is 
sound. When a fault develops on one conductor it will carry more 
current than the other, and this inequality of currents is arranged 
to operate a relay and thus isolate the defective line. 
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In applying this principle each conductor of the line is divided 
into two sections or ‘ splits * which need be only lightly insulated 
from each other. For an overhead line each split may be carried 
by separate insulators, in which case the system really becomes a 
form of parallel-line protection. When applied to underground 
lines specially constructed cables are used, generally of one of the 
three types illustrated in Fig. 113. Great care must be taken to 
ensure equality of impedance between the splits, and if necessary 
this is obtained by arranging for transpositions at certain of the 
joints. 

The application of the protective gear to a three-phase line is 
illustrated in Fig. 114. At both ends of the line the two splits 
forming one phase are connected in series with a differentially- 


A 



A 

Fia. 113.—Types of three-core, split-conductor cables. 


wound current transformer. The single secondary winding of the 
transformer is connected to the relay-operating coil. It is readily 
seen that while the currents in each of the splits are equal there 
is no resultant flux in the core of the transformer, but as soon as 
dissimilar currents flow (due to a fault developing), a secondary 
current flows through the relay, and if sufficiently great will trip 
the circuit-breaker. In the best arrangement of the system 
special circuit-breakers are installed at the ends of the line so that 
the splits are not connected until they reach the busbar side of 
the breaker. The reason for thus carrying the splits right 
through the circuit-breaker will be clear from the diagram of 
Fig. 115 where one phase of the line is shown as having a fault 
very near the receiving end. It will be seen that the current in 
the one half winding of the receiving-end current transformer 
has reversed, so that its core will become magnetised and the 
receiving-end circuit-breaker will trip. The currents in neither 
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of the windings of the sending-end transformer will have reversed, 
and supposing that the splits have not been taken right through the 
receiving-end circuit-breaker, will continue to flow through both 



Fig. 114.—Merz-Hunter split-conductor protection. 


splits in parallel into the fault. Now on a long line the imped¬ 
ances of the two splits up to the fault would be practically equal, 
and the inequality of current at the sending end would not be 



Fig. 116.—Use of split-contact circuit-breaker with Merz-Hunter system of 

protection. 


sufficient to trip the circuit-breaker at this end. If, however, the 
splits are carried right through the circuit-breaker this condition 
cannot arise, for as soon as the receiving-end circuit-breaker is 
tripped the two splits are isolated from one another at this end, 
and then the current flowing in the one split to feed the fault will 


PREVENTION OF DANGEROUS CURRENTS 886 


operate the relay and trip the sending-end breaker, thus completely 
isolating the defective line. 

An alternative arrangement of the system, in cases where it is 
desired to use the ordinary type of circuit-breaker, is to install 
special high-reactance current transformers which accentuate the 
inequality of currents in the sound and faulty splits. It is found, 
however, that better results are obtained by using the split-contact 
circuit-breaker, and this is now to be considered the standard 
practice. 

In many cases the cost of the special cables and terminal equip¬ 
ment exceeds that of an ordinary cable plus a separate pilot cable, 
so that this method of protection has not been used very widely. 

178. Callender-Hunter Four-conductor Protection. —This 
system is a combination of the Merz-Price and Split-conductor 



systems. One phase (B in Fig. 116) is protected on the split- 
conductor system, whilst the other phases {A and C) are protected 
on the Merz-Price system, using the splits of phase B instead of 
pilot wires. In the diagram, D and E are the split-conductor 
transformers for phase B, and F and 0 are balancing transformers 
with which all three phases are interlinked. The relays are 
actuated by secondary windings on D and E. 

The action of the arrangement for various kinds of faults may 
be explained as follows :— 

Faults from Unsplit Phases to Earth or to Each Other ,— 
Take the case of phase A —while the same current leaves A at 
one end as enters it at the other equal fluxes are produced by this 
current in the cores of B and B'. These fluxes produce e.m.fs. at 
each end of B and B' but the connections are such that these 
e.m.fs. are in opposition. As a consequence the norma.! lo«^d 
currents in B and B are undisturbed. 
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In the event of a leakage from A, either F or G will produce 
the greater e.m.f. and tend to circulate a current in the closed 
circuit formed by B and B\ with the result that the equality of 
currents in the primaries of transformers D and E will be upset 
and the relays R operated. A similar sequence of operations 
would occur in the event of a leakage from C, and also in the 
event of a leakage from A to C. 

Faults from Unsplit Phases to Split Phase, —In this case 
the fault current produces a direct unbalancing of current in B 
and B\ and although the transformers F and G may accentuate 
the inequality of currents in B and B' this action is not necessary 
to ensure operation of the relays on the occurrence of such a 
fault. 

Faults from Splits to Earth, —In the event of leakage from 
oitlier B or B' to earth a direct unbalancing of the currents is 
produced and the relays are operated. 

Faults between Splits, —The balancing transformers F and G 
have the effect of tripping the relays in the event of a fault 
between B and B', When A or (7 or both of them are carrying 
load a flux exists in the cores of F and G, These fluxes produce 
e.m.fs. in B and B' which are normally opposed and equal, and 
therefore do not disturb the currents carried by B and B\ In 
other words, the effect of balancing transformer F is to induce an 
o.in.f. in B and B' at one end, and the effect of balancing trans¬ 
former G is to induce a precisely similar but opposite e.m.f. at the 
other end. 

If now a fault occurs between B and B' at any point inter¬ 
mediate of the two ends the two e.m.fs. are no longer opposed but 
can circulate cun’ent each in its own local circuit, with the result 
that the relays are caused to operate. 

It is clear from the above that besides being discriminative 
the protective arrangemcuit operates for any form of leakage 
which may occur within the line, whether it be from phase to 
earth, phase to phase, or between splits. 

As in the case of split-conductor protection, the field of applica¬ 
tion of this system is limited by the cost of the special cables 
required. 

179 . Ideal Characteristics of Protective Gear. —The require¬ 
ments of an ideal system of line protection can be summarised as 
follows:— 
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1 . The protection should discriminate with absolute certainty 
i.e. it should be certain of action on faulty cables and overhead 
lines, and inoperative with equal certainty on healthy sections. 

2 . The protection should be universally applicable, i.e. it should 
be suitable for use on all possible arrangements of lines whether 
these comprise separate lines, or form interconnectors on com¬ 
plicated networks, or consist of branched lines without switchgear 
at the points of junction. 

3. The protection should be as instantaneous in isolating a 
faulty line as it is physically possible to be. 



4. The protection should not interfere with complete freedom in 
laying-out, extending and operating the transmission and distribu¬ 
tion system. 

The only forms of protective gear which have shown in practice 
that they can make any claim to fulfil these requirements are 
those based on the balanced principle of protection, and exempli- 
tied in the systems described in Arts. 169 to 174. Within certain 
limitations, however, protective systems necessitating the use of 
special designs of cables (Arts. 177-8) offer a good standard of 
performance. 

i8o. Beaver Test-sheath Protection. —If a cable is furnished 
with an auxiliary sheath, lightly insulated from the outer lead 
sheath, it is clear that any fault penetrating the cable from with- 
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out will reach the auxiliary sheath before it attacks the main 
insulation. This feature is utilised in the protective system 
described below, due to Beaver. 

The system makes use of a special three-core cable wherein 
a test sheath is provided, surrounding the cores but insulated 
therefrom, and also lightly insulated by a hygroscopic material 
from the lead sheath which in turn surrounds it (see Fig. 117). 
A battery is connected between the two sheaths, and an incipient 
breakdown of the insulation can be detected by an alarm device, 
or may cause a tripping relay to operate and disconnect the cable. 
There is thus a possibility of locating a fault in its early stages, 
the cable being then removed from service and repaired before 
complete breakdown occurs. 

Many other systems have also been developed in which 
auxiliary conductors in the form of sheaths are inserted in the 
cables.® 

i 8 i. Short-circuit of Alternators. —In applying any pro¬ 
tective scheme the calculation of short-circuit current values is 
necessary, as a basis of relay settings. In this connection it is 
unfortunate that the term ‘ overload' has come into use in refer¬ 
ence to sectionalising transmission systems, since it implies that 
the relays should be set to operate at a value determined by the 
normal load on the line. A short-circuit on a system, however, 
produces an abnormal condition which has no relation to normal 
loads and overloads, and in order to obtain selective action from 
overload, reverse-power, and certain other types of relays, it is 
necessary to set the relays for the currents flowing under this 
condition. 

Before describing methods of calculating these abnormal cur¬ 
rents it appears desirable to discuss briefly the phenomena occur¬ 
ring when an alternator is short-circuited. 

If the impedance of the load circuit of an alternator, with 
normal excitation, is gradually reduced to zero, the short-circuit 
current is limited only by the synchronous impedance of the 
armature. Neglecting the armature resistance, which is very 
small in comparison with the synchronous reactance, the short- 
circuit current is 

Isc = ^ . . . (206) 

Xs 

Xs is made up of two components: xi which represents the eflect 
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of the armature leakage flux, and Xr which represents the effect 
of armature reaction. 

The value of Isc for older designs of machines is generally 
about two or three times full-load current, but turbo-alternators 
of recent construction have a permanent short-circuit current 
approximating in value to full-load current, the synchronous 
reactance Xg varying from about 80 to 150 

In the case of a sudden short-circuit the initial current will 
be much larger than the permanent value Ise, because the com¬ 
ponent Xr of the synchronous reactance, which represents the 



ELAPSED TIME : SECONDS 


Fig. 118 .—Typical curve showing R.M.S. short-circuit current of alternator in 
terms of full-load current. 


effect of armature reaction, does not act instantaneously to limit 
the current. It represents a change in the flux which interlinks 
with the field circuit of the machine, and on account of the in¬ 
ductance of the field winding with its large number of turns, 
this change of flux cannot take place instantaneously but may 
take several seconds to complete. Again neglecting the arma¬ 
ture resistance, the initial short-circuit current is limited only 
by the inherent or leakage reactance xi and is 

.w 

The amplitude of the current gradually decreases as the 
armature reaction reduces the flux in the field and the generated 
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E, until the permanent value Ik is reached. Fig. 118 is 
a typical curve for an alternator having a leakage reactance of 

It will be seen that the initial short-circuit current bears to 
the permanent short-circuit current the ratio 


I sc ^s 

I sc Xi 


(208) 


With machines of high self-inductance and low armature 
reaction this ratio will be moderate in value, but large turbo- 
alternators with low self-inductance and high armature reaction 
may have a much greater ratio. In extreme cases the initial 
short-circuit current may reach twenty or thirty times full-load 
current. Generally speaking, however, the inherent reactance Xi 
of turbo-alternators varies from 5 to 15 7o> values of 

may be anything between 7 and 20 times full-load current. 

It should be noted that Fsc will represent the initial short- 
circuit current only when the short-circuit occurs at the maxi¬ 
mum point of the generated e.m.f. wave as illustrated in Fig. 
119 (a). Neglecting the armature resistance, the generated e.m.f. 

di/ 

is consumed by the back e.m.f. of armature inductance = - L j-^- 
The cross hatched area under the e.m.f. wave is 


f fO 

I edt =1 “ 


dt 


= V2 I'kL, 


and it causes the current to increase from zero to the peak value 
of V 2 /' 4 c. The succeeding quarter-wave of e.m.f. is negative 
and reduces the current to zero again ; it then reverses and grows 
in the opposite direction to a value slightly less than before, since 
the armature reaction will have caused a slight reduction in the 
flux and the generated e.m.f. The current is symmetrical about 
the zero line, and its amplitude decreases until the reduction of 
flux by armature reaction is complete, after which it remains 
constant. The transition from the initial to the permanent value 
will take from a few hundred to thousands of cycles, depending 
on the inductance of the field winding. In Fig. 119 (a) it is 
represented as covering only a few cycles. 
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Fig. 119 (b) shows the short-circuit current in the other phase 
of the machine, which is assumed to be two-phase. The short- 
circuit occurs at the zero point of the generated e.m.f. wave, and 
the positive area under the wave is twice as great as before antJ 
builds up the current to a peak value of or double the 

value in (a). The current then decreases, and it alternates, not 
about the line of zero current as before, but about a line starting 
above the zero line by an amount ^21'sc on the current scale and 
sloping down to coincide with the zero line after a few cycles. 

The armature current may be considered as being composed 
of a transient direct current of maximum value \/21',^^ shown as 
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Fig. 119.—Short-circuit currents in a two-phase alternator. 


a broken line, and superimposed on it the alternating current I'se 
with its decreasing amplitude. The R.M.S. value of the current 
wave at any instant is the square root of the sum of the squares 
of the value of the direct component and the effective value of 
the alternating component at that instant. Hence, under the 
worst conditions (Fig. 119 (6)), the initial short-circuit current 

may have a R.M.S. value of + {s/2I\c)^ = V3/'„, and 

in practice the initial value of the current may be anything between 

and ^depending on the phase of the voltage wave at the 
instant of short-circuit. 

So far, the short-circuits have been assumed to take place at 
the alternator terminals, and in this case the ratio between the 
initial and permanent short-circuit currents has its maximum 
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value. In most cases, however, the fault occurs on the line, and 
considerable reactance is introduced by the apparatus—trans¬ 
formers, reactors, and part of the line itself—connected between 
the machine terminals and the point of short-circuit. The react¬ 
ance of this connected apparatus does not vary with time, and 
hence the ratio between the initial and permanent values of short- 
circuit current depends to some extent on the proportion of the 
total reactance external to the alternator. 

182. Calculation of Short-circuit Currents. —In determining 
the current produced by a short-circuit on a transmission system 


5000 KVA 5000 KVA 10000 KVA 


61 ei 12 % 



it is customary to neglect 
the resistances of lines and 
apparatus and make all 
calculations with reactances 
alone. This approximation 
is justifiable as the react¬ 
ances involved are usually 
large compared to the re¬ 
spective resistances, so that 
the impedance is only 
slightly greater than the 
reactance numerically. 
Furthermore, this method 
gives values of short-circuit 
current rather larger than 
actually obtain, and conse¬ 
quently the results are on 
the safe side. In the case 
of underground lines, how¬ 
ever, the resistance of the 
cable is often larger than 
the reactance and should be 


Fia. 120,—Layout of transmission system taken into aCCOUnt. 
to illustrate example on calculation of The ordinary method of 
short-circuit currents. , , . . , 

calculation is to express 

the reactance of all generators, transformers, and lines in ohms 
to neutral, and by adding up the reactance from the point of 
short-circuit to and including the generators, and dividing the sum 
into the voltage to neutral, the initial value of the short-circuit 
current is found In practice, however, the reactance of most 
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apparatus is expressed on a percentage basis, and further¬ 
more, several different voltages are usually found on the same 
power system, so that it is found more convenient to use the 
percentage method of calculation described by Wilson.® 

In this method all reactance of generators, transformers, lines, 
or other apparatus is expressed as per cent, reactance at a common 
kVA. base arbitrarily selected. The various reactances are con¬ 
verted up or down as the case may be to this base. The com¬ 
bined reactance from the generator neutrals to the point of 
short-circuit is determined, and it is assumed that the entire 
voltage of the generators is used between these two points. The 
initial short-circuit kVA. is then 

_ kVA, base _.209) 

percentage reactance to point of fault 


To illustrate the application of this method the layout given 
in Fig. 120 will be assumed and the short-circuit current at the 
point X calculated. 

Generator No. 1 rated at 5 000 kVA. inherent reactance 8 7o- 

Generator No. 2 rated at 5 000 kVA. inherent reactance 8 °/ . 

Generator No. 3 rated at 10 000 kVA. inherent reactance 12 70- 

Taking as base 10 000 kVA. 

Reactance of No. 1 = ^ 8 “/„ = 16 

Reactance of No. 2 = ^ 8 °/„ = 16 

Reactance of No. 3 = x 12 % = 12 7^ 


and the combined reactance of the three generators 



16 16 ■^"12 
= 4-8 X. 


Transformer No. 1 rated at 12 000 kVA. reactance 6 70- 
Transformer No. 2 rated at 12 000 kVA. reactance 6 

At a base of 10 000 kVA. 

Reactance of No. 1 or No. 2 = ^ 6 = 5 7o- 
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and the combined reactance of the two transformers 

1 1 
5 5 

= 2-5 7,. 

Line No. 1, 20 miles long, 0*20 sq. in. sti’anded copper, diameter 
0* 579 inch, spacing 86-inches delta. 

Reactance of conductor 

= 1* 654 X 277 X 50 X 20 
== 10*39 ohms. ^ 

At 10 000 kVA. base (3 333 kVA. per phase) the current is 
3 333 X 1 000 


33 000 

Vs 

the reactance pressure drop is 

3 333 X 1 000 X 10*39 


amperes, 


volts. 


^ 000 
>73 

and the percentage reactance is 

3 333 X 1 000 X 10*39 x 100 
33 000 83 000 

X 


>v/3 '' V8 

= 9*54 7 . 

Line No. 2 has a similar percentage reactance and the com¬ 


bined reactance of the two lines is 

1 


1 1 
9-54 9-54 


7o 


= 4-8 %• 

Transformer No. 3 rated at 5 000 kVA. reactance 5 °/^ 
On a base of 10 000 kVA., 

Reactance = x 5 7„ = 10 7„. 

The total reactance up to point of sliort-circuit 
= 4-8 + 2-5 + 4-8 + 100 
= 22-1 7 „. 
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The kVA. at the point of short-circuit 

^ 10 000 X 100 
22 1 

- 45 200 kVA. 

This is the initial value of the short-circuit and the current 
corresponding thereto is 2 380 amperes. The current to be 
ruptured by the circuit-breaker will be lower than this, being 
intermediate in value between the initial and permanent short- 
circuit currents. Its actual value will depend on the tirne-lag 
setting of the protective relay, and the time-lag introduced by 
the operation of the circuit-breaker, i.e. between the energising 
of the trip coil and the separation of the breaker contacts. 

The determination of the actual short-circuit current at. any 
given instant during the transient period is a matter of some 
difficulty, but by making certain assumptions which take into 
account typical operating conditions and machine constants it is 
possible to draw up data which give approximate results in a very 
convenient form. In America, for instance, standard decrement 
curves have been in use for a considerable time. Table 24 ^^ives 
a selection of values from the latest revision of these curves 
published in an article by Hahn and Wagner.^ 

The values given in the table are factors by which the normal 
full-load current must be multiplied to get the short-circuit current 
at any given instant. The percentage reactance figures represent 
the total reactance in the circuit, including that of the generator, 
up to the point at which the short-circuit takes place. At the 
shorter time intervals allowance has been made for pof^.ible 
doubling-etfect, but after 0*3 second the effect of asymmetry is 
negligible. 

In calculating the possible short-circuit current all synchronous 
machinery connected to the system must be taken into account, 
and not merely the total capacity of the generating plant. A 
rotary convertor or synchronous phase modifier possesses suffickmt 
flywheel-effect to enable it to supply current as a generator 
during the time taken by the circuit-breaker to operate. 

Table 24 is based on the assumption that at the time of 
short-circuit the generators are carrying full-load current at 80 7,, 
power factoi’, and that no automatic voltage regulators are 
installed. Furthermore, all values of reactance up to 15 
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Table 24 .—Cvurrent Decrement Factors for Three-phase 
Short-circuits. 


Reactance. 

10 7o. 

\ 1 

' ‘^0 7,. 

1 _ 1 

30 7o. 

40 7o. 

50 7,. j 

100 7o. 

Elapsed Time in 
Seconds from 
Start of Short- 
circuit. 

Decrement Factors expressed as number of times Full-load Current. 

0-05 

13-6 

7*0 

4-6 

3-5 

2*8 

1*4 

0-10 

10-2 

5-5 

3*8 

2*9 

2*4 

1*2 

0-15 

8-3 1 

4-6 

3*3 

2*5 

2*1 

1*1 

0*25 

6-0 

3-8 

2*8 

2*2 

1-8 

1*0 

1 

0*60 

4-4 

3*2 

2*5 

2*0 

1*7 

0*9 

1-00 

3-0 

2-7 

2-2 

1*8 

1*6 

0*9 

2-00 

2*2 

2*2 

1*9 

1*6 

1*4 

0*9 

3-00 

2-0 

2-0 

1*8 

1-5 

1*4 

0*9 


considered to be inherent to the generators. No serious error 
will be introduced, however, if the figures are applied to cases 
where only part of this reactance is inherent, and part external. 

When automatic voltage regulators are used they will increase 
the excitation on the occurrence of a short-circuit in the en¬ 
deavour to keep up the voltage. The effect of this increased 
excitation is not noticeable during the first 0'5 second but 
thereafter the short-circuit current will be higher, and the 
permanent short-circuit current after, say, 2 seconds may be 
about 50 7o higher than the values given by Table 24. This 
condition only holds, however, when the fault is close to the 
generator terminals. If the short-circuit occurs at a remote point 
in the system, so that the normal voltage can be maintained at 
the busbars, the value of short-circuit current is not increased 
since the limiting factor is the reactance of the line and the 
connected apparatus. 

In Great Britain very little standardisation of decrement 
factors has taken place. It is generally assumed, however, that 
the interval between the occurrence of the short-circuit and its 
rupture will not be less than 0*2 second, and under these 
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circumstances the current to be broken is taken at 0*6 of its initial 
value when the fault occurs close up to the alternator terminals. 
In determining this initial value no allowance is made for doubling- 
effect. Assuming, for example, that the inherent reactance of the 
alternator is 10 7o» conditions would be represented by the 
curve shown in Fig. 118. In the case where the external react¬ 
ance is of the same magnitude as that of the alternator reactance 
the current to be broken after 0*2 second is taken at 0*75 
times its initial value, and where the external reactance is much 
greater than the machine reactance no falling off with time is 
assumed.® 

As an illustration of the use of Table 24 for the determination 
of relay settings, suppose that the low-tension circuit-breaker of 
Transformer No. 3 (Fig. 120) is furnished with a relay intended 
to operate under short-circuit conditions after an interval of 
1 second. The relay must then be set for the current value at 
the end of this interval. First of all it is necessary to find the 
reactance at the point of short-circuit, based on the total generator 
capacity. Converting the initial short-circuit kVA. to a per¬ 
centage reactance based on the total generator capacity of the 
system (20 000 kVA.) gives a percentage reactance of 


20 000 
45 200 


100 = 44-2 %. 


Interpolating the values given in Table 24 for 44'2 7o» reactance 
and 1 second time interval gives the number of times full-load 
current as approximately 1*7. Therefore the short-circuit current 
after a time-lag of 1 second can be taken as 


1-7 X gen. kVA. per phase x 1 000 
voltage to neutral 
1*7 X 6 667 X 1 000 
11 000 


1 800 amperes. 


183 . Unbalanced Faults and Short-circuits.— So far in the 
treatment of the subject it has been assumed that all faults or 
short-circuits occur simultaneously on each phase of the system. 
In practice, unbalanced faults, such as those occurring from one 
conductor to the ground or between two conductors are commonest, 
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and the calculation of short-circuit currents under these conditions 
can only be carried out by the method of symmetrical components 
developed by Fortescue.*‘ This extremely valuable method of 
analysis is based on the fact that any unsyrnmetrical system of 
n vectors (n being a prime number) may be resolved into n - I 
different symmetrical systems each of n phases, and a remaining 
system of n equal coincident vectors. A three-phase unbalanced 
system can therefore be split up into three balanced systems known 
as the positive-phase sequence, negative-phase sequence, and zero- 
phase sequence components respectively. In general, the im¬ 
pedances of station apparatus and transmission lines vary according 
to the particular phase sequence involved, but once these values 
have been determined, by means of calculations or tests, the current 
distribution for unbalanced fault conditions can be readily solved. 
The subject is too vast to be pursued further here, but the applica¬ 
tion of phase-sequence components to the calculation of abnormal 
currents and voltages occurring under fault conditions is of great 
importance as in many cases the worst conditions are only ob¬ 
tained with unbalanced faults. 

184. Effects of Short-circuit Currents.— With the great 
increase in size of generating stations, the power liberated on the 
occurrence of a short-circuit is enormous, and it is increasingly 
difficult and expensive to provide circuit-breakers capable of 
rupturing the current. Thus, besides the installation of protective 
relays for tripping the breakers on the occurrence of a fault, it 
has become necessary to provide means for positively limiting the 
magnitude of the current flowing. 

For this purpose current-limiting reactors are often employed. 
These reactors consist of large reactance or choking coils connected 
permanently in circuit, and under normal conditions only entail a 
small loss of power. When a short-circuit occurs, however, they 
limit the current to a safe value, and tend to localise the effect 
of the fault by restricting the amount of power that can flow 
into the defective section from other parts of the system. They 
also protect the generating, transforming, and transmitting ap¬ 
paratus from damage due to the thermal and electro-mechanical 
effects of very heavy currents. 

When a short-circuit takes place on a transmission lino heat 
is generated in the conductors very rapidly, and there is little 
time for radiation, convection, or conduction. 
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Hence if I = R.M.S. current flowing in amperes, 

r Resistance per centimetre of conductor in ohms, 
Q = Weight per centimetre of conductor in grammes, 
S = Specific heat of conductor material = 0* 095 in 
the case of copper, 

and g = Specific gravity of conductor material = 8 9 in 

the case of copper, 


the temperature rise per second in degrees C. is 

0‘24Pr 

or since 

G = X (2-54)2, 

and = A ~ 

A X (2-54)2' 

whore p == resistivity of the conductor material, 

and A = cross-sectional area in square inches, 

this may be written as 

0-24/2^ 

(2-54)2 X (2-54)2 ^ ^2^^- 

In the case of copper the temperature rise is 
0 - 012/2 

A} x ~l0« second. 


( 210 ) 

( 211 ) 


Besides this heating effect there are mechanical forces set up 
between the conductors which have been short-circuited. These 
forces assume special prominence in the case of underground lines 
owing to the close interaxial spacing of the conductors, and cables 
have been known to burst their paper and lead sheathing on the 
occurrence of a short-circuit. 

Consider first the case of two parallel conductors carrying a 
current I amperes in opposite directions, the interaxial spacing 
being x centimetres. The repulsive force between the con¬ 
ductors is 

02/2 

p - dynes per centimetre length. 


or changing into more practical units 


F = 


5 - 4/2 
d X 10^ 


lbs. per foot. 


where d is the distance between centres of conductors in inches. 


24 
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If the current instead of being* continuous is alternating^, the 
RM.S. value being /, the mechanical stress exerted between the 
two conductors pulsates between zero and the maximum value— 

^ 

In a three-phase circuit the actual currents that will develop 
at a short-circuit, and the consequent mechanical stresses between 
conductors, depend upon the nature of the fault and the arrange¬ 
ment of the conductors. Exact formulae for various cases will be 
found in a paper by Robinson.^^ 

185 . Current-limiting Reactors.—The reactance of these 
pieces of apparatus, like that of generators and transformers, is 
usually expressed as a percentage. Thus a 5 7o reactor is one in 
which the voltage drop when carrying full rated current is 5 7o of 
the voltage to neutral of the circuit in which it is placed. In case 
of short-circuit the current flowing through a reactor of this value 
will be high, but (neglecting any initial doubling effect) will 
always be limited to a magnitude not exceeding 20 times full-load 
current. 

Supposing that an iron core was used in the construction of a 
reactor the normal magnetic flux density would have to be kept 
very low so as to avoid saturation with a m.m.f. of many times 
normal. Otherwise the protective effect of the reactor would 
compare badly with the unavoidable pressure drop at normal 
load. This low flux density makes the use of iron uneconomical 
in reactors, and even if its use were electrically permissible an 
iron magnetic circuit would be much larger than an air circuit. 

There is considerable variation in details of construction of 
these reactors. One of the most successful types utilises bare 
conductors embedded in concrete supports which are cast round 
the coil, and ensure a very rigid construction. This is necessary 
on account of the large forces which are suddenly called into play 
when the first rush of current occurs. 

Oil-immersed reactors are also employed, particularly for the 
higher voltages, and have the advantage of being suitable for out¬ 
door use. With this type of apparatus precautions must be taken 
to prevent the external magnetic field of the rector from cutting 
the tank and thereby causing high losses and heating. To achieve 
this end a low reluctance magnetic circuit of iron laminations 
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may be built round the reactor coil to carry the external held, or 
alternatively short-circuited copper rings may be fitted to the 
inside of the tank. 

The losses in reactors are due to the PR and eddy-current 
losses in the conductors and to reduce the latter losses the con¬ 
ductors are stranded. The total loss usually varies from 1 to 
3 7o kVA. rating of the reactor. 

As previously pointed out, an ordinary iron-core reactor 
cannot be economically employed owing to the iron becoming 
saturated at increasing values of load and thus having a much 
lower reactance at short-circuit than at normal load. A special 
type of reactor known as the saturated-core reactor has precisely 
opposite characteristics.^* In this apparatus the iron core is 
excited by an auxiliary D.C. winding, and by suitable design 
the ratio of the short-circuit reactance to the normal-load re¬ 
actance may be made as high as three to one. In other words, 
if the reactance under normal conditions was 10 reactance 

under short-circuit would be about 30 %. This highly desirable 
rising-reactance characteristic of the saturated-core reactor is 
obtained at the expense of higher losses and costs, and so this 
type of reactor will only be used in special cases. 

i86. Location of Reactors in System. —Reactors may be 
used in series with generators or transmission lines, or inserted 
between various busbar sections. 

If reactors are put in series with each generator, as in Fig. 
121 (a), the current is limited on short-circuit no matter whether 
the fault occurs on the busbars or on the line. The protection 
afforded, however, in case of a line short-circuit is less than with 
a separate line reactor, as the whole system is affected by any 
drop in voltage. When new machines are being built the usual 
practice is to incorporate the necessary reactance in the design of 
the machine itself, so that it can stand repeated short-circuiting 
without damage. As a rule, generator reactance is only used 
with high-voltage machines, or in series with old machines with 
the object of protecting the windings from excessive mechanical 
shock. In such cases the reactor may have a value of 5 to 10 7o- 

Since the vast majority of faults occur on the transmission 
system, reactors in series with the line, as shown in Fig. 121 (6), are 
most effective, and localise the trouble to the single line on which 
the fault occurs. To obtain a given degree of protection, i.e. to 
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limit the current on short-circuit to a definite figure, less reactance 
is required in the line than elsewhere. When used, line reactors 
are usually of the order of from 3 % 5 7o based on the normal 

load. As in the case of generators, transformers for high-voltage 
transmission systems are built whenever possible with a compara¬ 
tively high internal reactance, so that external line reactors are 
not required. 

In both these cases the current normally passes through the 
reactor, involving not only additional losses but also a varying 
voltage drop according to the load. With reactors installed in the 



(c) 

Fig. 121.—Location of reactors. 


run of busbars between groups of generators, as shown in Fig. 
121 (c), only as much current passes from one section to another as 
is necessary to equalise the loading of the generators. Thus losses 
are reduced and voltage regulation improved. The effects of a 
short-circuit are also largely confined to those circuits supplied 
from the bus section to which is connected the line in trouble. 
As busbar reactors do not normally carry much current they are 
frequently as great as 25 % based on the capacity of one group 
of generators. The busbar reactor arrangement is probably more 
extensively used than any other, often by itself but sometimes in 
conjunction with individual or group line reactors. 
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X 87 . Experimental Methods of Determining Short-circuit 
Currents. —A knowledge of the magnitude of the short-circuit 
current at various points on a power system is essential for many 
purposes. For example, this information is required in dealing 
with the following problems :— 

1. Selection of circuit-breakers of the required rupturing 
capacity. 

2. Determination of the size of current-limiting reactors. 

3. Determination of relay settings in relay systems depending 
on selective action from overload and directional relays. 

4. Calculation of mechanical stresses in the structural elements 
of apparatus subject to heavy electromagnetic forces. 

The size and complexity of present-day systems, however, have 
reached such a point that the determination of short-circuit values 
by mathematical methods is extremely lengthy and laborious. 
Hence experimental methods of solution have been evolved which 
give results quicker, and of sufficient degree of accuracy. 

The most extensively used of these experimental methods is 
the short-circuit calculating table, which is an apparatus in which 
the actual AC. system is represented by an approximately 
equivalent D.C. network, reactances being represented by re¬ 
sistances, etc. In the later forms of tables any particular problem 
can be set up rapidly by an arrangement of telephone jacks and 
cord circuits. The magnitude of the currents in the various 
circuit branches of this equivalent D.C. network can then be read 
off, and converted, by the use of the proper factor of propor¬ 
tionality, into the corresponding AC. currents of the original 
system. According to Schurig^® the errors are usually under 
20 7o» often under 10 in error. 

Miniature A.C. power systems have also been built up using 
three-phase generators and transformers for the station apparatus, 
and conveniently-arranged units of inductance, capacitance and 
resistance for the lines and loads. More accurate results can be 
obtained with this type of system than with the D.C. short-circuit 
calculating table, the chief errors being introduced by switching 
in measuring instruments, and by the difficulty of making the 
large number of simultaneous readings required.^^ 

The latest development is the single-phase AC. network 
analyser which is of the static type, thus eliminating the practical 
difficulties associated with the use of rotating machinery. In 
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this apparatus, generators are represented by phase-shifting trans¬ 
formers, and by careful selection of the voltage and current scales 
errors introduced by instruments have been considerably reduced. 
The results obtained are in most cases considered to be less than 
3 in error. 

Both D.O. and A.C. types of apparatus can be used to deter¬ 
mine unbalanced fault conditions by setting up separate single- 
phase networks for each phase sequence and interconnecting these 
according to the type of fault. The cost of an A.C. network 
analyser is, pf course, much greater than that of the D.O. short- 
circuit calculating table, and the extra expense would hardly be 
justified if its only function was the determination of short-circuit 
currents. The A.C. apparatus has a far wider field of application, 
however, as it may be used in addition for the determination of 
voltage, current and power data under normal operating conditions, 
and also for the solution of problems associated with the stability 
and power limits of transmission systems.^^ 
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CHAPTER XIII. 

PRESSURE RISES. 

i88. Natural Impedance of a Circuit. —Before discussing 
the origin of pressure rises in transmission systems, it is 
necessary to examine briefly the fundamental properties of an 
oscillating circuit. Consider the case of an electric circuit in 
which an oscillation of energy is occurring, the power losses in 
the circuit being negligible. It is obvious that at the instant 
when the current wave passes through zero value the whole of 
the energy must be stored in the electrostatic field, and similarly, 
at the instant when the pressure wave passes through zero value 
the whole of the oscillating energy must be stored in the electro¬ 
magnetic field. As it is the same stored energy appearing 
alternately as dielectric and magnetic energy, it follows that 

Ce^ __ Li^ 

2 2 ’ 

or 1 = = . . . (213) 

The quantity Zq is thus seen to be of the nature of an imped¬ 
ance, and is expressed in ohms. It is generally known as the 
natural impedance, or surge impedance, of the circuit and its 
reciprocal Yq is the natural or surge admittance. 

In the case of an overhead transmission line the inductance is 

L^f = ^0* 080 -f- 0* 741 logio henries per mile, (9) 

and the corresponding value of capacitance is 

9 - X 10~® farads per mile. . . (15) 

logic ; 
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Neglecting the first term in the inductance formula, which is 
usually quite small in comparison with the second term, the 
natural impedance oF an overhead line is closely given by 

-^0 = 1 /^^= 138 logio ^ ohms. . . . (214) 

For commercial linos usually lies between 400 and 600 
ohms. 

In underground cables the capacitance is much larger relatively 
to the inductance, and the natural impedance has a smaller value 
which may be about one-tenth of the value for overhead lines. 

A knowledge of is exceedingly useful as it enables a 
calculation of the transient voltages and currents which may 
occur in a circuit. For instance, if a line carrying a current i has 
this current suddenly interrupted, the maximum value of the 
oscillating voltage produced thereby is iZ^. 

If one conductor of an unearthed system is earthed the 
maximum transient current flowing to earth is where e is the 
voltage to earth. 

If lightning strikes a line and the high-frequency breakdown 
voltage of the insulators is e, the maximum discharge current in 
the conductors is limited to eY^, 

Power-transmission systems are always complex in character, 
that is, they consist of sections or elements—such as generator, 
transformer, transmission lino, and load—having ditforont electrical 
constants. In such a compound circuit, oscillations harmless in 
one part of the circuit may reach a dangerous condition in other 
parts, due to the variation in For example, consider the case 
of a long transmission line one section of which is laid underground. 
An oscillating current in the cable, of little importance in itself, 
may give rise to dangerously high oscillating voltages wlien it 
enters into the overhead part of the line, owing to the far higher 
natural impedance of the latter. 

Similarly, if a transformer is connected across the end of an 
overhead line, the natural impedance of such a transformer 
may be between 2 000 and 4 000 ohms, which is very much 
higher than that of the line itself. Consequently an oscillating 
current, which only gives rise to moderate oscillating voltages in 
the line, may produce destructive voltages in the windings of the 
transformer. 
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A consideration of the relative values of Zq in the different 
parts of a transmission system thus gives considerable information 
on the relative danger and protective action of the parts on each 
other. It also explains to a certain extent why reactive apparatus, 
such as transformers, are so much more liable to suffer from the 
disruptive effects of transient voltages than the lines to which they 
are connected. 

189. Oscillation Frequency of a Line. —The rate at which 
the oscillating energy will pass back and forth between the 
magnetic and the dielectric fields of a transmission line is entirely 
independent of the frequency of the power current. From 
formula (218) we have 

« = . . . . (215) 


but since i may be considered as the charging current of a 
condenser of capacitance C with a voltage e across its terminals, 
we can also write 


^ ^ 2 J/C* 


(216) 


Equating (215) and (216) gives 

2tt^LC 


(217) 


the usual formula for the period of oscillation of a circuit having 
massed capacitance and inductance. This formula requires modi¬ 
fication when applied to a transmission line where the inductance 
and capacitance are distributed, as may be seen from the following 
considerations. 

The velocity of propagation of an electric wave along an 
overhead conductor is approximately the same as the velocity of 
light or, say, 186 000 miles per second. Hence, if an oscillating 
current of frequency 1 000 occurs in the conductor, the wave 
length of the oscillation will be 


186 000 
1 000 


186 


miles. 


In Fig. 122 the curve shows how the instantaneous value of 
the current varies along a line at one particular instant, viz. 
when the current at P has its maximum value. Q is the nearest 
point at which the current has exactly the same value as at P, 
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and PQ is the wave length of the oscillation. In exactly the 
same way the instantaneous value of the voltage varies along 
the line, repeating itself every 186 miles. Hence the inductance 
voltage and capacitance current in each little element of the 
conductor due to the oscillation also varies progressively along 
the line, and the total inductance voltage and capacitance current 
are obtained by adding vectorially the values in each little 
element. The net result is to reduce the values of conductor 
inductance voltage and capacitance current in the ratio of the 
diameter of a semi-circle to the length of the arc. This is exactly 
analogous to the calculation of the magneto-motive force of a 
distributed armature winding (n turns, i amperes) which has a 

value of ^ m, not ni, ampere turns. 

TT 



Fig. 122.—Instantaneous current at different points on a long transmission line. 


In the case, therefore, of a transmission line, formula (210) must 
be modified and written 

i 


e = 


4/C7* 


The surge impedance is unaffected by the distributed character 
of the inductance and capacitance, so as before 




(215) 


Combining the two equations gives for the frequency of 
oscillation of the line 

.™ 


This is the lowest or fundamental frequency of oscillation, 
and the corresponding wave length of the oscillation is four times 
the length of the line. 
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Besides this fundamental frequency, higher harmonics may 
exist in a line oscillation. This can be seen as follows:— 

At any point in an oscillating line the effective power is 
always zero, since voltage e and current i are in quadrature. 
The instantaneous power ei, on the other hand, is not zero, as 
equal amounts of power flow first one way and then the other 
way. Across the ends of the line, however, no energy can flow, 
otherwise the oscillation would not be limited to the line. This 
means that at both ends of the line the instantaneous power must 
be zero. 

Thus two cases are possible:— 

1. The current is zero at one end, and the voltage zero at the 
other end. 

2. Either the current is zero at both ends, or the voltage is 
zero at both ends. 

In the first case i = 0 at one end, e = 0 at the other end, so 
that the line must be open-circuited at one end and short-circuited 
at the other. The potential and current distribution in the line 
must then be as shown in Fig. 123. That is, the length of the 
line represents a quarter wave or an odd multiple thereof. 

The frequency of oscillation under these conditions is 


(2n^ 

^ ^s/LG ^ ' 


(219) 


where n is any integer. 

In the second case i = 0, or e = 0, at both ends, the line must 
be open-circuited or short-circuited at both ends, and the current 
and voltage distribution are as sketched in Fig. 124. The line 
now represents a half-wave length or a multiple thereof, and the 
frequency of oscillation is 


. 


The velocity of propagation of the oscillation is readily found 
by multiplying the frequency of oscillation by the wave length 
corresponding thereto. 

Thus the fundamental frequency of oscillation is 

f =_ } _ 

V/vO 

1 

Us/LA'‘ 


( 221 ) 
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where I « length of line in miles, 

Zq == inductance of conductor per mile, 
and (?o = capacitance of conductor per mile, 

and the corresponding wave length is 4i, so that the velocity 


propagation is 


1 




of 




Fig. 123. —• Instantaneous voltage and Fig. 124. — Instantaneous voltage and 
current in oscillating line. Line open- current in oscillating line. Line open- 
circuited at one end and short-circuited circuited or short-circuited at both ends, 
at the other. 


The velocity of propagation v is reduced slightly below the 
velocity of light owing chiefly to the loss of power in the 
conductors, and the increase of inductance by the magnetic field 
inside of the conductor (which would not exist in a conductor of 
perfect conductivity). If, however, the value of the external 
inductance per mile of conductor is employed in formula (222), 


the quantity 


1 


186 000, and the relationship can be used 





862 ELECTRIC POWER TRANSMISSION 

for the calculation of the capacitance from the inductance and 
vice versa. 

190. Travelling Waves. —The effect of a liglitning discharge 
or similar phenomenon is to impress suddenly on a part of a 
transmission line a quantity of electric energy, which moves 
along the line at approximately the speed of light as a travelling 
wave or impulse, until it has been diverted from the line or its 
energy dissipated. The amplitude of the wave may not be high, 
nor yet of an oscillating character, yet by reason of the steepness 
of the wave front it may have a very destructive effect by piling 
up the voltage locally in the windings of reactive apparatus. 
It is essential to obtain a clear idea of the nature of such steep- 
fronted travelling waves as they are very common in transmission 
systems, being produced by other causes besides atmospheric 
disturbances. 



In travelling waves the source of danger is the high rate of 
change of voltage with the time, and the correspondingly high 
voltage gradient along the conductor, and it is convenient to 
compare oscillatory and non-oscillatory effects in this respect by 
speaking of the ‘ equivalent frequency ’ of non-oscillatory transi¬ 
ents. Fig. 125 represents a non-oscillatory voltage wave or 
impulse travelling along a conductor from right to left. At the 
point a the voltage of the wave is zero at the instant figured, while 
the voltage at the point h is the crest value of the wave. As the 
wave moves along, the voltage at a will rise from zero to 6, the 
time taken being equal to the time taken by the wave to travel a 
distance equal to ab. If the distanc e gj? is x feet, the time taken 
for the voltage at any point of the line to rise from zero to b is 

X 


186 000 X 5 280 


seconds. 
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A representative value for x for waves due to lightning dis¬ 
turbances is 1 000 feet, for which the time is 


1 000 

186 000 X 5 280 


= 102 X 10-« 


seconds. 


Now, in an oscillating wave, the time taken for the voltage to 
rise from zero to a maximum corresponds to one-quarter of the 
periodic time. Hence the effect of the impulse for which the 
distance ab is equal to 1 000 feet will be somewhat similar to that 
of an oscillating wave of periodic time = 4 08 x 10 - ® seconds, 
which corresponds to a frequency of 245 kilocycles per second. 

191. Reflection of Travelling Waves. —Electric travelling 
waves, like waves in water or air, are reflected back whenever 
they come up against an obstacle. More generally, they are 
partially reflected and partially transmitted. Such a phenome- 
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Pig. 126.—^Voltage and current waves travelling along a transmission line. 


non occurs if the nature of the circuit suddenly changes, as for 
example at the junction of an overhead and underground line, 
or at terminal stations where apparatus is connected across the 
line. 

In order to fix ideas, consider the arrangement depicted in 
Fig. 1^ Here G is a three-phase generator from which a 
voltageto neutral e is suddenly impressed on a transmission line 
by closing, and then immediately opening, a three-pole switch S, 
Assuming that the resistance of the conductors is negligible, and 
that the operation of closing and opening the switch is performed 
very quickly, a rectangular impulse will be produced in the line, 
the length ab of the impulse depending upon the time during 
which the switch was closed. The current i flows in the con¬ 
ductors between the points a and b, but neither forward of b nor 
backward of a. It carries with it the system of magnetic and 
dielectric flux lines in the space comprised between the planes ac 
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and bd; tho coraploto energy impulse of voltage e and current i 
travelling away from 0 with the velocity of light. The remote 
end of the line is closed by a circuit having a different natural 
impedance Z\ to that of the line On arrival at the transition 
point, partial reflection and partial transmission of the wave will 
occur. 

It is evident that at the transition point the potential will be 
the sum of the incoming and reflected waves, while the total 
current will be given by the difference of the incoming and 
reflected current waves. Calling and the amplitudes of the 
transmitted voltage and current waves, and and those of the 
reflected waves, the following relations hold at the transition 
point:— 

= e 


and 


^0 

% 


i - L. 


(223) 

(224) 


Since 


and 


i = 




^0^ 


e, 


the amplitude of the transmitted voltage wave is 

* z, + Z', 

and of the reflected voltage wave 

Z\ - 


= 


Zn + Z 


€. 


(225) 


(226) 


Similarly, the amplitude of the transmitted current wave is 

■ ... (227) 




Zq + Z'q 


and the reflected current wave 


i _ - ^0^ 


. (228) 


The following three cases are of special interest:— 

1. Line open-circuited (Z\ = oo ). 

2. Line short-circuited (Z'q = 0). 

3. Line closed through a non-inductive resistance of value 
-Ri Zq, 
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Case 1 .—If the line is open-circuited at the remote end, it is 
obvious that when the wave reaches this point it cannot flow any 
further but is reflected, the voltage and current of the reflected 
wave being of the same values as in the original waves because 
the energy remains constant. The total current of the incoming 
and reflected wave must, however, be zero, on account of the 
open-circuited line, and the whole energy is therefore stored at 
this point in the electrostatic field. The reflected current wave 
must therefore be reversed and its value is i, while the value of 
the voltage at the end of the line, where the incoming and reflected 



Fio. 127.—Reflection of waves at end of open-circuited line. 

waves overlap, is equal to 2e as shown in Fig. 127. On arrival 
at the point where the reversal is complete the voltage will again 
have its original value of e volts. 

Case 2.—With a short-circuited line, complete reflection of the 
wave will also occur, but it will now be the voltage wave instead 
of the current wave that is reversed. Due to the short-circuit 
the total voltage of the incoming and reflected voltage wave must 
be zero, and the whole energy is therefore stored at this point in 
the electro-magnetic field. The total current at the end of the 
line, where overlapping occurs, must be 2i, and on arrival at the 
point where reversal is complete is i as before. This state of 
affairs is represented by Fig. 128. 
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Case 3.—Comparing the two previous extreme cases, it is 
evident that there must be a particular intermediate value of Z\ 
which will absorb the wave pulse and prevent reflection. Ex¬ 
amination of formulae (226) and (228) will show that when the 
end of the line is closed by a non-inductive resistance of magni¬ 
tude equal to reflection cannot occur, because both voltage 
and current waves will enter the resistance unchanged. If iKi >► Zq 
there is a partial reflection with transient rise of pressure and 
if R^<^Zq there is a partial reflection with transient rise of 
current. 



Fia. 128.—Reflection of waves at end of short-oircuited line. 


192. Origin of Pressure Rises. —There will now be considered 
in more detail a few of the ways in which dangerous pressure rises 
may be set up in transmission systems. These abnormal transient 
voltages are of comparatively frequent occurrence, particularly 
in overhead systems, and the problem of preventing damage to 
transmission lines and connected apparatus demands serious 
consideration. 

In general, pressure rises may be caused by conditions ex¬ 
ternal, or internal, to the system. A convenient classification is 
as follows:— 

External Causes ,—These are mainly due to lightning and 
only give trouble on overhead or partially-overhead systems. 
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1. Direct lightning stroke. 

2. Electromagnetically-induced currents due to a lightning 
discharge in the immediate vicinity of the line. Such a discharge 
is called a ‘ side stroke.* 

3. Electrostatically-induced charges on the conductors due to 
the presence of thunderclouds. 

4. Electrostatic charges imparted to the line by the friction 
of dust or dry snow blowing past the conductors, or by changes 
of line altitude. 

Internal Causes .—These are mainly due to oscillations set up 
by sudden changes of circuit conditions or by resonance. Trouble 
of this character may be experienced both on overhead and under¬ 
ground systems. 

1. Switching operations on unloaded line. 

2. Sudden opening of loaded line, particularly under short- 
circuit conditions. 

3. Resonance. 

4. Arcing grounds. 

It should be noticed that the external causes produce over¬ 
voltages between line and earth, whereas the internal causes 
may also produce over-voltages between conductors. Also any 
oscillating potential? set up in a line by the external causes have 
an enormously high frequency with an upper limit of about 
one million cycles per second, whereas those produced by the 
internal causes have usually a comparatively moderate frequency 
ranging between several hundred and several thousand cycles 
per second. Arcing grounds form an exception to this rule, 
inasmuch as they set up oscillations between line and earth, 
the oscillations having either moderate or high frequency de¬ 
pending on the distance of the fault along the line. 

Experimental investigations into these pressure rises have 
been difficult on account of the high voltages and frequencies 
involved, but the development of such instruments as the high- 
voltage, cathode-ray oscillograph and the klydonograph has 
changed the outlook very considerably. The cathode-ray oscillo¬ 
graph renders it possible to secure oscillograms showing the 
voltage, current, and time relations of an electrical transient 
which may occupy a time of 1 / 100 000 000 of a second or lesa 
The klydonograph is a surge recorder which gives a direct in¬ 
dication of the polarity, and the approximate magnitude of an 
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over-voltage, and an approximate indication of its wave front 
Both these and other types of instruments have been utilised in 
America for a comprehensive series of investigations carried out 
on actual transmission systems. As a result of this work much 
valuable data has been secured on the nature of pressure rises, 
and the protective value of lightning arrestors and other devices 
under these conditions.^ 

193. Direct Lightning Stroke. —Lightning discharges have 
been divided by Lodge ^ into two kinds, namely, A and B strokes. 





Fig. 129.—Types of lightning discharges. 


The A stroke is illustrated in Fig. 129 (a). A charged cloud near 
the surface of the earth induces a charge of opposite sign on all 
upstanding objects, such as church spires, chimneys, etc. The 
electrostatic stress at the upper end of these objects is very 
great, and the air in the neighbourhood is rapidly ionised, streams 
of charged particles being repelled from all sharp comers and 
edges. This produces a gradual lowering of the resistance of 
the discharge path between the cloud and the conductor, until 
eventually a disruptive discharge occurs which tends to equalise 
the potentials of the two bodies. The distinguishing character¬ 
istic of this type of stroke is the length of time taken to 
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produce, and the fact that when it occurs it is usually directed 
towards the highest and most sharply pointed object in the 
neighbourhood. 

The B stroke is an impulsive rush of electricity occurring 
when the potential difference between the cloud and the earth is 
established almost simultaneously. It is generally induced by a 
previous A stroke. Thus in Fig. 129 (6), if an A stroke takes 
place between the two charged clouds 1 and 2, the cloud 3 may 
be left with a greater potential than the air can withstand, and a 
B stroke thus occurs to earth. This type of stroke takes place 
with absolute suddenness and does not seem to obey any definite 
laws like the A stroke does. It may shatter a building, ignoring 
a neighbouring well-designed lightning conductor, or strike the 
ground even if there are tall objects such as trees or chimneys 
near by. The B stroke is in consequence far more dangerous 
than the A stroke. Figs. 129 (c) and 129 (d) show other ways in 
which a B stroke may be produced. In Fig. 129 (c) an A stroke 
occurs between clouds 1 and 2, the latter being near the 
earth’s surface, and a B stroke is thereby induced between the 
lower cloud and earth. In Fig. 129 (d) the A stroke from 1 to 
earth causes the B stroke from 2 to earth. 

The protection of a transmission line from the effects of a 
direct lightning stroke is a matter of some difficulty, as field in¬ 
vestigations have shown that under these conditions pressure 
rises of the order of 10 000 kV. may occur. Lightning arrestors 
and similar devices are often installed at the ends of a line for 
the protection of directly-connected apparatus, but only protect 
a comparatively short section of the line itself. Hence, if a line 
is struck in the open country, the discharge flows along in both 
directions, shattering insulators and even wrecking poles until 
its energy is dissipated in the paths to earth thus formed. Efforts 
arc now being made, however, to develop cheaper and more 
efficient types of lightning arrestors, which can be applied to the 
protection of individual insulator strings, thus preventing dynamic 
flash-over of the line. A new and simple protective device operat¬ 
ing on the de-ion principle has also been produced for certain 
voltage ratings. It is considered that the resulting increase in 
reliability of operation would often justify the installation of this 
kind of apparatus at every tower position on sections of lines 
exposed, to severe lightning storms.^ 
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194, Side Stroke of Lightning^, —Measurements have shown 
that pressure rises induced in a transmission line by side strokes 
of lightning may reach a value of 2 000 kV., but that about 90 ®/o 
of these pressure rises are below 500 kV.^ Since the actual voltage 
induced in the line is only a small percentage of the pressure of 
the discharge itself, the latter is probably of the order of one 
hundred million volts. Enormous power is developed as the 
current in the discharge may amount to from 10 000 to 100 000 
amperes. On the other hand, as the duration of the phenomenon 
is apparently only a few micro-seconds, the actual quantity of 
electricity involved may be quite small. 

In the past there has been considerable doubt as to whether 
lightning was oscillatory or unidirectional, but the high resistance 
of the discharge path due to radiation was considered to be a 
factor which would prohibit phenomena of the former character. 
The more recent experimental evidence seems to prove definitely 
that lightning discharges are unidirectional in character, con¬ 
sisting of impulses having a steep wave front. The equivalent 
frequency of these impulses may vary between 10 and 100 kilo¬ 
cycles per second. Occasionally, highly damped oscillations of 
one or two C 5 ^cles are found on earthed-neutral systems, but 
these are apparently due to line flash-over following the lightning 
discharge, and these disturbances are really similar to unidirec¬ 
tional impulses in their effects.^ 

When a side stroke occurs near a transmission line, correspond¬ 
ing high-frequency currents are induced in the line conductors. 
If these currents are not diverted they travel along the line, and 
will set up destructive pressure rises on entering the windings of 
electrical machinery connected at the ends of the line. Convincing 
evidence of the high-frequency nature of these currents is found 
in the way the inductance of a very small bend or loop in the 
run of an ordinary lightning conductor will cause a discharge 
through an alternative path of much higher resistance. For 
instance, where the conductor is taken over the coping of a build¬ 
ing a discharge will invariably pass through the masonry, and not 
along the copper conductor. 

195 . Electrostatically-induced Charges. —A cloud electro¬ 
statically charged, and lying above a transmission line, will induce 
in the adjacent section of the line a corresponding charge of 
opposite sign known as a bound charge. This charge has its 
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maximum value immediately below the cloud and then gradually 
tails away as shown in Fig. 130. At the far end of the line, 
charges of like sign to that in the cloud are located. So long as 
the cloud remains stationary this static distribution on the line 
persists. It should be noted that while this state of affairs holds, 
no oscillations will be set up, but the potential of the line im¬ 
mediately below the cloud may rise to such a value as to cause a 
‘ spill-over ’ at the insulators. A static over-potential is therefore 
a rather dangerous phenomenon. If now the cloud is suddenly 
discharged, the charges of opposite sign induced on the conductors 
will rush toward one another as a travelling wave or impulse. 
The reactance of the line prevents the freed charges spreading 
instantly, with the result that they often find a path to earth over 
the adjacent insulators. 




Fia. 130.—Transmission line with electrostatically-induced charge due to presence 

of thundercloud. 


196. Electrostatic Charging of Line Due to Changes in 
Altitude, or Friction Ejects. —The atmospheric equipotential 
surfaces have a tendency to crowd together in mountainous 
districts, the surfaces of high potential coming very much nearer 
the ground in these regions than over the plains. The result is 
that a gradually-ascending transmission line passes progressively 
from regions of low, to regions of high, potential. This leads to 
the conductors being gradually charged’up and the potential to 
earth being increased. A pressure rise of the order of 40 000 
volts due to this cause has been observed on a low-voltage line,^ 
The wind blowing past the conductors, particularly if carrying 
in suspension sand or dry snow, is also often responsible for 
charging the line electrostatically. A rise of 13 000 volts pro¬ 
duced in this way has been measured on a telegraph line. 

In both these cases the phenomenon is entirely static, and it is 
unlikely that travelling waves of any importance would be set up. 
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197. Switching Operations on Unloaded Line. —On con¬ 
necting an open-circuited line to the terminals of a generator, 
travelling waves are set up which rapidly charge the line. On 
reaching the open end of the line, as previously shown, these 
waves are totally reflected, and overlapping with the incoming 
waves momentarily raise the voltage of the line to twice that of 
the impressed voltage at the instant of switching-in. Hence the 
maximum potential attained by the line at starting cannot be 
greater than twice the maximum generator voltage Em- In 
practice, owing to the dissipation of energy, the potential at¬ 
tained by the line would be somewhat less than this theoretical 
maximum. 

Analogous phenomena are produced on switching-out an open- 
circuited line. Travelling waves are set up which raise the 
potential of the line momentarily to a value not exceeding twice 
the generator voltage at the instant of disconnection. 

The considerations thus far discussed do not take into account 
any characteristics of the arcing which always takes place at the 
contacts of a circuit-breaker, due to the finite speed of closing 
or opening. This phenomenon affects results considerably. For 
instance, suppose that the line is being opened. The arc between 
the circuit-breaker contacts first extinguishes at the zero point of 
the charging-current wave, which will, of course, be the crest of 
the voltage wave Em. This leaves the line charged to a maximum 
of + Em. The circuit-breaker contacts are assumed to be separat¬ 
ing continuously until at the middle of the next cycle, when the 
impressed voltage is - Em, the voltage across the contacts is 2Em. 
There will be no restriking of the arc at this instant if the con¬ 
tacts are too far apart to break down at 2Em. If not, arc-over 
will occur, and there will be a resulting high-frequency oscillation 
about the point of the applied voltage - Em with an ampli¬ 
tude of 2Em, and the momentary rise of potential measured 
from zero will amount to - 3Em. The oscillation will rapidly 
damp down, leaving the line charged to a potential of -- Em. 
Arc-over may again take place during the next cycle, but the 
potential can never be higher than SEm. This case is the 
commonest met with in practice, but it should be noted that 
when very small charging currents are involved it is possible for 
the arcing to be extinguished at the zero point of the high- 
frequency current wave, and to be re-established at the crest of 
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the 50-cycle voltage wave. This would lead to higher potential 
rises than 3^m. 

Although circuit-breaker opening conditions have been dis¬ 
cussed, it is obvious that closing operations accompanied by arcing 
lead to rises of the same magnitude. 

A thorough experimental investigation of the subject has been 
made by Cox, McAuley, and Huggins,^ and their chief conclusions 
are:— 

1 . Switching surges are usually unidirectional. When oscilla¬ 
tory they are highly damped and therefore of short duration. 

2 . Less than 50 % of switching operations create a dis¬ 
turbance. 

3. Pressure rises due to switching may reach 6 times normal 
operating crest voltage of the line, but 93 of all produced are 
less than 3 times normal. On cable systems, 99 7n ^.re less than 
3 times normal voltage. 

4. No switching operations cause pressure rises high enough, 
or with a duration long enough, to affect the safety of properly 
insulated lines. 

198. Sudden Opening of Loaded Line. —If a transmission 
line is suddenly opened while carrying load, a transient pressure 
rise is produced of value 

6 = iZo, .... (213) 

where i is the instantaneous value of the current at rupture, and 
Zq the natural impedance of the line. Thus, if the natural 
impedance of the line is 400 ohms, and the instantaneous current 
at rupture 200 amperes, the transient rise of pressure however 
rapidly the current is interrupted cannot possibly exceed 80 000 
volts, because this is the maximum value of the pressure wave 
necessary to store in the electrostatic field the whole of the 
energy stored in the magnetic field at the instant of rupture. If 
Em is the crest value of the operating voltage, the maximum 
potential to which the line may be subjected is Em + 80 000 
volts. 

Since the transient pressure rise produced by the sudden 
interruption of load is not a function of the line voltage, it 
follows that low-pressure transmission systems are liable to over¬ 
voltages of the same magnitude as high-pressure systems. The 
higher safety factor of the insulation on low-pressure systems is 
thus justified. 
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The worst case that could happen would be the interruption 
of the short-circuit current of the system at its crest value, when 
pressure rises of several hundred thousand volts might be pro¬ 
duced. Fortunately, the use of oil circuit-breakers has practically 
eliminated all danger due to short-circuits, as these breakers 
possess the valuable property of opening the circuit when the 
current wave has its zero value. 

199, Resonance. —If, in a circuit consisting of a condenser 
(of capacitance 0 farads) in series with an inductance and resis¬ 
tance (of value L henries and R ohms respectively), there is 
impressed an alternating voltage of E volts, the current is given 

by 

, . - , , ( 229 ) 


where w == 27r frequency. The condensive reactance ~ ^ thus 

coO 

tends to neutralise the inductive reactance coL, Complete neutral¬ 
isation is obtained when = coL^ and the condition is known 


as electrical resonance. The current then becomes equal to and 

is in phase with the impressed voltage, hence, so far as the current 
is concerned, the circuit is equivalent to a simple resistance only. 

From another point of view, however—as regards the voltage 
distribution in the circuit—the resonating circuit is by no means 
equivalent to a simple circuit of resistance R. For while in the 
latter the potential difference between any two points can never 
exceed the value of the impressed voltage, in the resonating circuit, 
potential differences occur which may be large multiples of the 
impressed voltage. 

In commercial transmission circuits the capacitance is usually 
so small that resonance cannot occur at the fundamental supply 
frequency, but if the generator e.m.f. wave is distorted, trouble 
may be experienced due to resonance of one of the higher 
harmonics. This is owing to the fact that with a constant induc¬ 
tance, the value of capacitance required to produce resonance 
varies inversely as the square of the frequency. 

An approximation to a circuit of massed constants is formed 
by an underground transmission line connected at one end to 
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generating and transforming apparatus, and open-circuited at the 
other end. The inductance of the cable is usually negligibly 
small in comparison with that of the rest of the system, so that 
the capacitance and inductance are localised to a great extent, 
the one in the cable, and the other in the terminal apparatus. 
The phenomena of resonance in such a circuit can be exhibited 
most clearly by taking a concrete example. 

Consider, for instance, a 50-cycle system comprising a 33 000- 
volt, 0*20 sq. in., three-core cable connected to an alternator and 
transformer at one end. Let the leakage inductance of the 
alternator be 0* 025 henries per phase and the resistance 0*5 ohms 
per phase, the corresponding quantities for the transformer being 
0* 015 henries per phase and 0*5 ohms per phase, all values being 
expressed in terms of the high-tension circuit. The total 


wL" 88 ohm« 



R • 5 ohms 

Fig. 131.—Kesonatiug circuit formed by open-circuited cable aud terminal 

apparatus. 

inductance is 0*04 henries, and the cable capacitance neces¬ 
sary to produce resonance at the fundamental frequency of the 
supply is 

_ 1 _ 

“ 4^ x~50 X 50 X 0 04 
=» 253 microfarads, 

a value which would not be reached on an actual transmission. 

For the seventh harmonic, however, the capacitance required 
for resonance would only be 5*2 microfarads (being one-forty-ninth 
of the value required at fundamental frequency), and would be 
provided by a cable about 18 miles long. Assuming the capaci¬ 
tance of the cable is localised at its mid-point, the additional 
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resistance introduced into the circuit is that of 9 miles of 
conductor or, say, 2 ohms per phase. The inductance of the 
cable can be neglected, so that the resonating circuit for the 
seventh harmonic consists of an inductance of 0*04 henries, a 
capacitance of 5*2 microfarads, and a resistance of 3 ohms, as 

shown in Fie:. 131. For this harmonic mL = ^ = 88 ohms. 

Supposing now that the generator e.m.f. wave consists of a 
fundamental having an R.M.S. value volts to neutral and a 
seventh harmonic of R.M.S. value volts to neutral, the 
amplitude of E^ being 10 % Then, the following 

relationship holds:— 


s/i + (0-i)^£:i = 


83 000 

v/8 ’ 


and 


= 18 960 volts, 

hence 


= 1 896 


volts. 


The current produced in the circuit due to Ej is 

_ 1 896 
A - 

= 632 amperes, 

and the potential difference across the terminals of the capaci¬ 
tance is 

I 

632 

“ 27r X 50 X 7 "x”^ >ri0“-^ 

= 55 300 volts (R.M.S.). 

This is equivalent to a crest value of v^2 x 55 300 = 78 200 
volts which would be superimposed, in the worst case, on the 
crest value of the generator voltage. 

The effect of a load at the receiving end of the line is to 
prevent such dangerous pressure rises due to resonance. For 
instance, assume that a non-inductive load corresponding to 
one-quarter of the carrying capacity of the cable is being 
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supplied. This state of affairs may be represented by a resist¬ 
ance Rj of about 250 ohms connected across the terminals of the 
condenser standing for the capacitance of the cable, as shown in 
Fig. 132 (a). 

U) L- 88 ohmft u> L> 96 oKm» 



R«3ohm* R, 


(a) (b) * 2725 ^ 

Fia. 132.—Effect of load in preventing resonance. 


The equivalent series impedance of the circuit formed by the 
condenser and resistance in parallel is first determined. The joint 
admittance of this circuit is 

= + (co(7R,)^ 

and the phase-angle is tan“ ^ wGR^, 

The impedance of this parallel circuit is thus 

R, 


and splitting into its components the resistance is 

— y -- X COS tail" ^ wCR. 

J\ -t- * 

R, 1 

“ v/l + {(oGR,y "" x/l + isoGRJ' 

1 + (tuORi)- • • • • 

and th(j condonsivo reactance is 

wCR^^ 

1 + {(oGR.f 
1 1 
~oyC'' / 1 y • 
\(oORJ 


X 


(231) 
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The effect of a non-inductive load is therefore equivalent to 
the insertion into the original circuit of an additional resistance 
of value 

_ ^ 

1 + ((ocky 

while the condensivc reactance has been decreased by multiply¬ 
ing by 

This equivalent circuit is shown in Fii^. 132 (b). 

Substituting in the above formulas, the resistance of the load 
(250 ohms) and capacitance (5*2 microfarads) in parallel for the 
seventh harmonic is 

27*25 ohms, 

the condensivo reactance is 

9*53 ohms, 

and the impedance is 

28*87 ohms. 


Hence the resistance of the complete circuit is 
27*25 4- 3 = 30*25 ohms, 

the reactance is 

88 - 9*53 = 78*47 ohms, 
and the impedance is 

84*1 ohms. 


The current produced in the circuit by the seventh harmonic 
in the impressed voltage is 

. _ 1 896 

"■ Wl 

*= 22*54 amperes, 

and the potential difference across the condenser and load is 
Cj =3 22*54 X 28*87 
= 651 volts (R.M.S.), 

which is equivalent to a crest value of 920 volts. 

Thus if the system on open-circuit is liable to resonance, the 
addition of load removes the danger: (1) by destroying the 
equality between the condensive and inductive reactances of the 
circuit, and (2) by limiting the current by the introduction of 
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more equivalent resistance into the circuit. There is, of course, 
the possibility that a system which is non-resonant on open- 
circuit may be brought into resonance by a light load, but the 
increased resistance of the circuit is usually sufficient to prevent 
any dangerous pressure rises taking place. 

Throughout the above discussion, the assumption has been 
made that the leakage inductance of the terminal apparatus is 
constant. In actuality, however, this condition is not fulfilled, 
owing to the variable permeability of the magnetic circuits of 
such apparatus and other causes, and it should be realised there¬ 
fore that the above method is only an approximation of the 
complete solution. 

The extreme case to the circuit of massed constants is 
provided by the transmission line itself, considered apart from 
any terminal apparatus. Such a line possesses uniformly 
distributed inductance and capacitance, and has various resonant 
frequencies corresponding to a fundamental natural period of 
oscillation and its overtones. 

Suppose, for example, a long overhead transmission line 
connected at one end to the high-tension busbars of a large 
generating station containing many generating and transform¬ 
ing units working in parallel. The reactance of the terminal 
apparatus may then be neglected for a first approximation, and 
the line treated as short-circuited at this end. If the remote end 
of the line is open-circuited, resonance will occur at a fundamental 

frequency of and its odd harmonics. Since the quantity 

ZqCo is practically constant for all overhead lines, the resonant 
frequencies are thus determined solely by the length of the 
line. 

Similarly, if the line is open-circuited at each end, reson¬ 
ance will occur at a fundamental frequency of - ^ and its 

overtones. 

Steinmetz ® has pointed out, however, that while a transmission 
line has quite definite resonant frequencies corresponding to the 
fundamental and its harmonics, it will oscillate with any frequency 
whatever, providing that this is very high. This phenomenon is 
due to the variation of the line constants at high frequencies. 
With these frequencies neither the inductance nor the capacitance 
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of a line is perfectly constant: the inductance varies with the 
frequency by the increased screening effect or unequal current 
distribution over the cross-section of the conductor; the capaci¬ 
tance increases due to corona formation on the insulator, and 
by the increase of the effective conductor diameter also due to 
corona. Hence the frequencies of the very high harmonics are to 
some extent variable, and since they are close to each other they 
overlap, so that at very high frequencies the transmission line has 
no definite frequency of resonance, but responds equally well with 
any frequency. 

In the general case, a transmission circuit is complex, consist¬ 
ing of a line having uniformly distributed constants, connected to 
generating, transforming and receiving apparatus where the con¬ 
stants may be considered as massed. When resonance occurs in 
such a complex circuit the entire circuit oscillates, usually as 
a full-wave oscillation and its harmonics, and the fundamental 
frequency of resonance may be very much lower than that 
corresponding to the transmission line itself. The determination 
of the resonant frequencies of such a complex circuit is not a 
simple matter, but methods of attacking the problem have been 
given by Evans and Sels.^ 

200. Arcing Grounds. —Arcs and sparks in electric circuits 
produce oscillations in a similar manner to the production of such 
oscillations in a wireless transmitting circuit. Such a trans¬ 
mitting circuit consists of a spark gap shunted by a condenser 
and inductance in series. When an alternating e.m.f. is im¬ 
pressed on the circuit the condenser charges up each half-wave, 
and if the voltage is high enough to breakdown the spark gap 
one or more oscillating discharges occur from the condenser 
through the gap each half-period. When these oscillations are 
set up in transmission systems they are known as ‘ arcing 
grounds.’ 

For instance, consider an unearthed transmission system 
where the earth is brought within striking distance of one of 
the line conductors, as by the puncture of an insulator on an 
overhead line, or by the appearance of a weak spot in the insula¬ 
tion of an underground cable. A spark discharge then occurs to 
earth, and the arc following discharges the conductor by a 
transient oscillation. That is, the conductor is brought down to 
earth potential, and the other two conductors of the three-phase 
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system correspondingly rise in voltage from the star to the delta 
voltage. As soon as the conductor is discharged, the spark gap to 
earth opens, and the conductor then charges again from the 
power supply of the system, its voltage to earth rising until 
sufficient to jump to earth again and start a second transient 
oscillation. One or more series of oscillations may occur in each 
half-cycle of the voltage wave, thus forming a ‘ recurrent * 
oscillation. Occasionally, however, each transient oscillation 
persists up to the beginning of the next transient of the same 
half-wave of voltage, and the recurrent oscillations thus tend to 
run into each other and approach a ‘ continuous ’ oscillation. 
These phenomena have been shown clearly by oscillograms taken 
on artificial transmission lines.® 

In an arcing ground, oscillations are set up on both sides of 
the faulty point, the frequency of these oscillations being the 
natural frequency of the section of line in which they occur. In 
themselves, such oscillations are not specially dangerous, but 
there is every probability of a pressure rise causing failure of 
the insulation at some other point of the system. If this happens 
on one of the other phases, a double earthing is formed, which 
is equivalent to a short-circuit of the system. Breakdown of 
transformers is also liable to occur, either due to resonance 
effects, or to localised pressure rises taking place in the 
windings. This latter danger will now be considered in more 
detail. 

201. Pressure Rises in Transformers. —In high-voltage trans¬ 
formers the high-tension winding contains a large number of coils 
and a great length of conductor, so that its capacitance to earth 


is of considerable value. Each 
separate coil has resistance, 
inductance, and earth capaci¬ 
tance, so that the whole 
winding is a circuit with dis¬ 
tributed electrical constants 
somewhat analogous to a 
transmission line. In addi¬ 
tion to the earth or shunt 



Fig. 133.—Transformer with distributed 
electrical properties. 


capacitance, there is also a series capacitance between adjacent 


coils. Hence, neglecting resistance, the winding is electrically 


equivalent to the arrangement shown in Fig. 133 in which 


?6 
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L « inductance per unit length, 

Cs = capacitance between adjacent coils per unit length, 
Cg capacitance to earth per unit length. 

The resultant impedance of L and Cs in parallel is 

a>L 

1 - 


and it acts merely as an inductance at frequencies lower than that 
given by 1 - (d^CsL = 0, and as a condenser at higher frequencies. 
In the former case the equivalent inductance is 



(232) 


and in the latter case the equivalent capacitance is 

co^CsL — 1 


(233) 


The electrical behaviour of the transformer therefore when 
subjected to an oscillating voltage, depends on whether the 
frequency of the oscillation is greater or less than fky the critical 
frequency which satisfies the equation 1 ~ co^CsL = 0. 


“tir 




W ( 6 ) 

Fia, 134.—Equivalent transformer circuits. 


At frequencies lower than /* the transformer winding acts as 
L» and cg in Fig. 134 (a), that is, in the same way as a transmission 
line whose inductance and capacitance to earth are X, and Cg 
respectively. For frequencies higher than /* the winding can be 
considered to be a combination of and Cg as in Fig. 134 (i), the 
whole arrangement being similar to the arrangement of the 
various capacitances of a suspension-type insulator. 

If the transformer is connected to the end of a line in which 
oscillations of frequency /<(/* are being set up, there is danger 
of resonance occurring in the windings with consequent failure of 
the insulation. With high-voltage power transformers trouble 
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of this character is most likely to be produced by frequencies 
of the order of 10 000 cycles per second, and it should be noted 
that the oscillations set up by arcing grounds are liable to fall 
within this range as their frequency is determined by the distance 
from the end of the line to the fault. Hence, arcing grounds may 
produce resonance in the transformer winding resulting in break¬ 
down of those coils in the interior of the winding where the 
maximum stress is experienced. 

If the incoming oscillations have a higher frequency than /*, 
the transformer winding behaves as a series and shunt arrange¬ 
ment of capacitances, and the potential distribution across the 
winding is non-uniform, the highest stresses occurring on the end 
coils. A method of calculating the potential distribution in such 
cases has been developed previously in connection with suspension- 
type insulators (Art. 81). Berg® has also carried out an experi¬ 
mental investigation, and shown that arcing grounds of high 
frequency may set up pressure rises across the end coils (2^ 7o 
the winding) which amount to 15 times the normal pressure. 

The same phenomenon is also produced by a steep-fronted 
travelling wave or impulse. The two-fold effect of such an 
impulse in concentrating the pressure caused thereby across the 
end coils of the transformer winding, and also raising the potential 
of the winding with respect to earth, is made quite clear by the 
following analogy due to Lincoln.^® 

Consider the hydraulic transmission of a wave along a flexible 
piping system. The elasticity of the walls of the pipe represents 
the capacitance of the electrical system, and the inertia of the 
contained liquid the inductance of the system. Now either 
transformer or generator windings have two important differences 
from an equal length of transmission line in that both the induc¬ 
tance and capacitance per unit length is greatly increased. In the 
hydraulic analogy, the increase in capacitance per unit length may 
be represented by imagining a much thinner-walled pipe for the 
transformer or generator. The increase in inductance per unit 
length may be represented in the analogy by an increase in the 
specific gravity of the liquid, say, by substituting mercury for 
water. 

In Fig. 135, therefore, 6j is the transmission line with relatively 
heavy walls, although still flexible, and a light liquid contained 
therein, say, water; is the transformer or generator which has 
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relatively thin walls, containing a heavy liquid such as mercury. 
When a wave or surge that has been started o\it on the trans¬ 
mission line reaches the point P, which is tlie terminus of the line, 
it is obvious that the following will occur:— 

1. A part of the energy of the incoming wave will be 
reflected and will therefore travel back through the line from the 
point P. 

2. The remainder will begin to travel through part K, but 
the speed of its propagation will be much reduced because the 




Fig. 135.—Hydraulic analogy of electric travelling waves. 


liquid being set in motion is very much liea\ier, and also because 
the forces acting upon it through the elastic retaining walls are 
much smaller. 

3. The steepness of the wave front during its propagation 
through hj, will bo much increased over tliat obtaining in by 
the above process. 

At P^ there is a tendency to burst the pipe, that is, to break 
down the insulation to earth, but there is also a heavy stress 
tending to break through from point 1\ to Suppose that 
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the portion of the pipe, instead of being straight as in the 
figure, were to be coiled upon itself so that a complete coil took 
place in the distance P 1 P 2 » there would then be a tendency for 
the liquid to break through the walls of the pipe into the neigh¬ 
bouring coil. This is exactly what occurs in the electrical system. 
An incoming wave in penetrating the turns of electrical apparatus 
causes an excessive voltage stress between turns. The momentary 
breakdown or snapping across of the surge from one turn to 
the next will do no particular damage unless such breakdown is 
followed by the power current and an arc is thereby established. 

There is, due to the normal operation of the apparatus, an 
insulation stress from conductor to earth, and also one between 
adjacent turns. The stress to earth may be increased up to twice 
its normal value, the stress between turns may be increased up to 
fifty times. 

In order to prevent failure of the windings due to these 
localised stresses, special designs of transformers have been 
developed, such as the non-resonating transformer, in which 
special capacitance shields have been fitted in such a way that 
the voltage distribution in the windings at high frequencies is 
similar to that which obtains at power frequencies.^^ 

202. Attenuation of Travelling Waves. —High-frequency 
travelling waves and impulses of steep wave front caused by 
switching operations on complex circuits, or due to atmospheric 
disturbances, are of common occurrence in transmission systems. 
Fortunately, such impulses or waves are rapidly dissipated by 
energy losses in the line, so that their effect is more or less local. 
Furthermore, as the steepness of the wave front of such transients 
increases, so does the rate of attenuation or decay of the transient 
so that a wave shape containing many harmonics is smoothed out 
and gradually becomes sinusoidal in tlie course of its travel along 
the line. 

This increase in the rate of decay at high frequencies is due 
to the variable character of the electrical constants of the line. 
The influence of skin effect on the resistance and reactance of the 
conductors has already been dealt with. A more important factor, 
according to Steinmetz, is the electromagnetic and electrostatic 
radiation, which though negligible at low and medium frequencies 
becomes of dominating importance at frequencies between 10^ and 
10^ cycles. This radiation has the effect of rapidly increasing the 
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effective resistance of the conductor, and also introduces a further 
source of loss dependent on the voltage and represented by a 
shunted conductance, so that the energy of the higher frequencies 
of a complex wave is quickly dissipated. 

For example, consider a travelling wave produced in an over¬ 
head transmission line by a suddenly liberated electrostatic charge. 
Such a wave, in order to be sinusoidal in shape, would require a 
sinusoidal distribution of charge on the line at the instant of 
discharge, which is not probable, and the wave will usually be 
complex, consisting of a fundamental and many harmonics. The 
question of the change in shape of the front of the wave as it 
travels along the line is thus one of the attenuation or decay of 
its component frequencies. Steinmetz^'^ has calculated the at¬ 
tenuation of a rectangular travelling wave of fundamental fre¬ 
quency 60 kilocycles during its passage over a typical overhead 
line. At the start, the equivalent frequency of the wave front is 
infinite, after travelling 0 3 kilometres the equivalent frequency 
is 1 110 kilocycles, after 3 kilometres 325 kilocycles, after 30 
kilometres 103 kilocycles, and after 108 kilometres only 63 kilo¬ 
cycles, It thus appears that the danger zone of steep wave 
fronts is limited to relatively short distances. 

If the amplitude of the travelling wave is such that corona 
is formed on the conductors, the attenuation of all the component 
frequencies of the wave will be increased, and the general effect 
will be to smooth out a steep wave front much more rapidly than 
would occur on a corona-free line. Thus, taking the 60-kilocycle 
rectangular wave adopted by Steinmetz as an example, White- 
head^^ shows that for a moderate amount of corona the wave will 
be approximately sinusoidal after travelling only 0*3 kilometres. 
Actual measurements on overhead systems have confirmed the 
existence of this rapid attenuation and smoothing-out effect in 
the case of steep-fronted waves.^ 
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CHAPTER XIV. 

APPARATUS FOR PROTECTION AGAINST DANGEROUS 
PRESSURE RISES. 


203. Phenomena against which Protection is Required.— 

In considering the installation of apparatus to protect the trans¬ 
mission line and terminal apparatus against the effect of abnormal 
pressure rises, a distinction should be made between over-voltages 
that are dangerous and those that are not. Many of those met 
with in the normal operation of the system are not dangerous, 
being provided for by the voltage margin represented by the 
factor of safety on the line insulators. Phenomena which 
experience has proved to be of a dangerous character are shown 
in Table 25. 

Table 25 .—Dangerous Pressure Rises and Chief Types of 
Protective Apparatus. 


Phenomena. 


1. Direct stroke of lightning. 

2. High-voltage impulses of steep wave 

front. 

3. Low-voltage high-frequency oscilla¬ 

tions. 

4. Arcing grounds. 

6. Static overpotential. 


Protective Apparatus. 


Ground wire and lightning arrestors. 
Surge absorbers. 

Arcing ground suppressor. Petersen 
coil. 

Water jet earthing resistances. 
Earthing choking coils. 


Of course, the simplest method of eliminating trouble due to 
(4) and (5) is to earth the neutral point of the system. The 
question of earthing the neutral, however, has to be considered 
from other points of view, and the advantages and disadvantages 
entailed thereby will be discussed later on in this chapter. 

204. Ground Wire. —Overhead ground wires have been in 
extensive use since the construction of the earliest transmission 
lines. One wire or stranded conductor is usually employed, run 
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above the transmission line and earthed at many points, prefer¬ 
ably at every pole or tower. It is generally recognised that this 
method of protecting against direct strokes is very efficient, and 
this is confirmed by experiments on model lines. 

The objections to the ground wire are the additional cost, and 
the possibility of the wire breaking and falling across the line 
conductors, thus causing a direct short-circuit. Failure due to the 
latter cause, however, is rare, as substantial galvanised stranded 
steel conductors are usually adopted. Indeed, such a steel 
conductor joining the tops of the towers generally adds greatly 
to the mechanical strength and stability of the line, particularly 
if the line is of the flexible type. 

Besides taking the brunt of a direct stroke, the ground wire 
reduces the voltage electrostatically or electromagnetically induced 



Fig. 136 .—lleduotiou of induced voltage due to g^-onnd wire. 


in the conductors by the discharge of a neighbouring thundercloud. 
For example, referring to Fig. 136, the voltage induced on the 
line due to the cloud depends on the ratio of the capacitances 
cloud-transmission line / transmission line-earth. The effect of a 
ground wire run above the conductors is to bring the equipotential 
surface corresponding to zero jxitential from the surface of the 
earth to the immediate vicinity of the conductors, thus increasing 
the value of the capacitance between line and earth. The 
pressure rise may be considerably less than in a line not protected 
by an overhead ground wire. The function of the ground wire is 
thus preventive in character, whilst that of the lightning arrestor 
is merely curative. 

If a sufficient number of parallel grounded wires were provided 
to surround the conductors, all pressure rises due to external 
causes could be entirely removed. On account of the heavy 
capital expense involved such a solution would of course be 
impracticable. Hence one ground wire is generally used in 
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practice, which allows the intensity of over-voltages to be con¬ 
siderably reduced, and lessens the work demanded from the 
lightning arrestors connected to the system. In exposed situa¬ 
tions, or on lines subject to severe lightning disturbances, it would 
probably be good practice to install one or two additional wires. 

Peek ^ has made a laboratory study of the protective effect of 
ground wires and finds that a single ground wire reduces the 
induced lightning voltage to one-half of that without ground wire, 
for two ground wires the reduction is to one-third, while for three 
ground wires it is to one-fourth. These results were obtained 
under the favourable condition of good earths and low impedance 
for the earth connections. In a dry country with poor earths the 
protective value of a ground wire would be low. Its value would 
also be low even in a damp country if earths were made very 
infrequently, since then the impedance of the wire between 
successive earth connections would be considerable. 

Another protective action of the ground wire is its damping 
effect on any wave or other disturbance travelling along the line 
by its action as a short-circuited secondary. The ground wire 
must consume a considerable part of the energy of a travelling 
wave and thus greatly increase the energy dissipation of the 
wave, especially \/hen it is considered that the wire is often 
made of steel, and thus possesses a largo high-frequency resistance. 

205. Horn-gap Arrestors, —The term ‘ lightning arrestor ’ is 
commonly, but inaccurately, used to cover all devices which are 
employed to protect a transmission system from the effects of 
over-voltages, no matter whether these are duo to external or 
internal causes. The hom-gap arrestor was one of the first 
types to be developed, and is still used to a certain extent on 
lower-voltage lines on account of its great simplicity. It con¬ 
sists of two horn-shaped pieces of metal separated by a small 
air-gap, and connected in shunt between each conductor and 
earth. The distance between the two electrodes is such that 
the normal potential difference between line and earth is in¬ 
sufficient to jump the gap, but abnormally high voltages will 
break down the gap and so find a path to earth. The arc follow¬ 
ing the initial discharge constitutes a flexible conductor and rises 
owing to the upward tendency of the heated air. This forms a 
bend in the current path, and following the principle that an 
electric circuit always tends to enlarge the area it encloses, the arc 
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is drawn up by electromagnetic action towards the top of the 
horns. Here it is extinguished owing to the line pressure being 
unable to maintain an arc of such length. The time talcen for 
the complete operation is usually from 3 to 5 seconds. 

As regards the gap setting, the ideal arrangement would be to 
by-pass all voltage waves exceeding normal amplitude, but this 
is impracticable. On the other hand, the setting must be for a 
voltage less than the test voltage of the line insulation or trans¬ 
formers, so as to ensure that over-voltages will discharge to earth 
through the appointed device, and not elsewhere. Since all 
equipment is designed for a test voltage of at least twice normal it 
is generally deemed sufficient if the arrestor comes into operation 
somewhat below this figure. 

The simple connection of the arrestor between line and earth 
would be insufficient to relieve the system from the effects of 
high-frequency waves of moderate amplitude. It is very probable 
that such waves would pass straight on to the transformers or 
other terminal apparatus, and there pile up the voltage in such a 
manner as to puncture the insulation. The end turns of trans¬ 
former windings are specially heavily insulated to withstand this 
trouble, and sometimes the impedance of the .end turns alone is 
relied upon to reflect the voltage wave back to the lightning 
arrestor, where it is discharged to earth. More usually a choking 
coil, consisting of several turns of bare copper wire, is connected 
in the line between the arrestor and the apparatus to be protected. 
The reactance of this coil is sufficiently high to ensure that all 
high-frequency waves are reflected back to the horns, while at the 
supply frequency it is negligible. In practice, twenty or thirty 
turns on a diameter of about 12 inches are found to be quite 
effective for the purpose. 

Fig. 137 (a) illustrates the method of installing a simple horn- 
gap arrestor in conjunction with choking coils. For the utmost 
protection to the terminal apparatus the arrestor should be located 
as close to the end of the transmission line as possible. Also the 
connections from choking coil to arrestor, and arrestor to earth, 
should be as short and direct as possible. 

The commonest form of choking coil is wound in a simple 
helix, the turns of which are usually braced between clamps to 
prevent movement when heavy short-circuit currents traverse the 
coil. For outdoor work a suspension-type coil is used, the coil 
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beinjy wound round a wooden tension insulator which can be 
inserted in the run of the conductor as it is sufficiently robust to 
take the dead-end pull of the line if need be. Continental practice 
favours a pancake coil, the turns being wound with flat strip. 
This design has the advantage of ease in winding and supporting, 
but the insulation between turns is apt to be weak. Naturally 
very great electric and mechanical stresses are liable to come 
into existence between the turns of a protective choking coil, and 
it is desirable to have each turn separated by a good air space. 
The solenoid type of coil lends itself better to this construction. 

Regarded simply from the point of view of relieving the line 

t f 
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Fig. 137.—Installation of horn-gap arrestor and choking oils on a three-phase line. 

of excess voltages, a simple horn gap without series resistance is 
the best. In this case, however, a discharge across one gap in 
the case of a system with earthed neutral, or on two gaps 
simultaneously on an insulated-neutral system, constitutes a dead 
short-circuit for the dynamic current of the system. This intro¬ 
duces operating difficulties, as a horn gap is only capable of 
rupttiring quite small currents, certainly not in excess of 10 
amperes. It therefore becomes necessary to provide a resistance 
in series with the gap to limit the flow of dynamic current to a 
value which can be safely interrupted by the arrestor. On the 
other hand, such a resistance very materially reduces the efficiency 
of the arrestor. 
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The selection of a value for the resistance is therefore a matter 
for compromise, the value generally adopted being such as will 
limit the dynamic current to between 1 and 5 amperes with 
normal voltage impressed. The resistance should be connected 
on the line side of the horns as in Fig. 137 (b) and not between 
horns and earth, since should the arcs from adjacent horns be 
blown together a short-circuit would occur in the latter case. 

The resistances for use with horn gaps may be of tlie liquid 
metallic, or carborundum type. Resistances of the liquid type 
are usually placed in U-shaped earthenware vessels. The water 
is mixed with about its own weight of glycerine to prevent 
freezing, and it is advisable also to cover each surface of liquid 
with a layer of oil so as to avoid losses through evaporation. The 
advantages of the liquid resistance are its cheapness and simplicity, 
but it requires more attention than the other types. Carborundum 
rods or built-up resistances of a similar nature are cheap and in 
fairly common use, but are rather apt to disintegrate under the 
passage of heavy currents. The aim in selecting any resistance 
is to obtain a high thermal capacity, since this will enable the 
arrestor to discharge through a longer period of time. Wire- 
wound resistances, oil immersed, are good from this point of view, 
and furthermore their value does not vary with temperature like 
that of a liquid resistance. If a resistance of this type is used, 
however, it should be wound as non-inductively as possible. 

In some installations an etibrt to secure protection has been 
made by employing two or more sets of horn gaps. Thus there 
miglit be horns without resistances set to arc over at 200 7o <^f 
normal voltage, and horns with series resistances set at 160 “/o 
normal volts. The function of the horns without resistances is to 
give a direct path to earth for the severest over-voltage waves. 
Wlien they operate, it is recognised that power current will follow 
and cause the protective circuit-breakers to operate. However, as 
the over-voltage conditions would constitute a serious menace to 
the system, this disadvantage is accepted as unavoidable. The 
function of the horns with series resistances is to operate on the 
less serious, but still undesirable, over-voltage waves falling be¬ 
tween 160 7o 200 of normal voltage. Incidentally they 
also come into action when the other horns operate, but owing to 
the former being connected direct to earth they will take the 
major portion of the discharge. Since these over-voltages are less 
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dangerous, more time can be allowed for their passage from the 
system if, by so doing, a power arc can be prevented, and a system 
shut-down avoided. 

It is difficult to believe that a horn gap having a sufficient 
resistance in series to make it self-extinguishing has any protec¬ 
tive value. An analogous case is met with in hydraulic pipe-lines 
which are fitted with a pressure-compensation pipe as a relief 
valve against water-hammer. This pipe can only protect the line 
against water-hammer when it has a section equal to that of the 
main pipe-line; if the section is much smaller, water will overflow 
(like sparking-over of a horn-gap arrestor), and the presence of 
water-hammer is indicated, but no appreciable relief is given. A 
similar state of affairs exists with electrical phenomena : the surge 
impedance of an overhead line usually falls between 400 and 600 
ohms, that is, a travelling voltage wave has associated with it a 
current wave of value roughly 2 amperes for every kilovolt poten¬ 
tial of the wave. Thus a travelling wave of 100 kilovolts would 
have an accompanying current of 200 amperes. It is fairly 
evident that an arrestor which can only by-pass 10 amperes from 
the 200 amperes as the wave rushes along into the transformer 
winding will have a correspondingly small influence in reducing 
the amplitude of the voltage rise across the apparatus. 

Theoretical formulae for calculating the breakdown voltage of 
a cylindrical horn gap have been worked out by Griitter* and 
others, but are not found to be of much use in practice. For one 
reason, the formulae give the 50-cycle breakdown voltage of the 
gap, but the voltage at which they will breakdown when subjected 
to high-frequency lightning voltage may be very much different, 
depending on the impulse ratio of the gap. Also the state of the 
atmosphere and roughness of the horn surface make a difference, 
and the horns should preferably be set experimentally, being set 
as close together as circumstances will permit. Table 26, given 


Table 26.— Hom-gap Settings at Sea-level, 


Normal Volts. 

Gap. 

Normal Volta. 

Gap. 

10 OOD 

J in. 

30 000 

2J in. 

16 000 

1 M 

40 000 

8J „ 

20 000 


60 000 

4 „ 

25 000 

1} « 

60 000 

H .. 
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by Coates,^ will enable a first approximation to be made. The 
figures are average settings for horns at sea-level, corresponding 
to a spill-over voltage of 150 % normal. At higher altitudes 
a longer gap is necessary, the arc-over voltage between fixed 
electrodes being very closely proportional to the air density. 

It is seen that on low-voltage installations the gap has to be 
set very closely, with consequent danger of accidental discharge 
by insects or other objects bridging the gap. Alteration of 
calibration also is liable to occur, due to corrosion or formation 
of small globules of melted metal. To permit of a longer gap 
being used the arrangement shown in Fig. 138 can be employed 
The main gap is set at a good distance, say, 1 inch for 5 000 volts. 
The auxiliary gap, which is provided with an electrode having an 
adjustable platinum point is, however, set to discharge, say, at 
25 7o above the normal voltage. 

If a foreign body gets into the 
auxiliary gap the resulting dis¬ 
charge quickly dies out owing 
to the high resistance in series 
therewith. On the other hand, 
an arc formed by a pressure rise 
persists, and ionises the air in 
the main gap, causing the same 
to arc across and relieve the line. 

Another modification of the simple horn gap is the Burke 
arrestor which embodies as a characteristic feature a triangular 
choking coil wound from copper strip, one side of the coil being 
used as one of the horns. The arrangement of the device is as 
shown in Fig. 139. It will be seen that the line current passes 
round'the triangular reactance coil and from the centre of the 
latter goes away to the load. The main gap has a series resist¬ 
ance, and there is also an auxiliary gap which is connected direct to 
earth. Very severe over-voltages will jump the double gap and 
go direct to earth in preference to passing through the resistance, 
while discharges of less severity pass to earth via tlie main gap 
and the resistance. The resistance itself consists of one or more 
rods of a material similar in appearance to carborundum. Its 
ohmic value is such as to limit the dynamic current with normal 
voltage to from 4 amperes at 3 300 volts, to 2 anjperes at 66 000 
volts. 



Fig. 138.—Diagram of horn gap with 
auxiliary electrode. 



896 ELECTRIC POWER TRANSMISSION 

It is claimed that the choke coil in this arrestor has a magnetic 
blow-out effect, causing the arc to rise rapidly up the horns. 
Furthermore, a wave travelling along the line meets its first im¬ 
pedance at the first sharp upward bend of the triangle opposite 
to which the earthed horn is mounted. This piles up the voltage 
and allows a considerably wider gap to be used than with other 
forms of horn arrestor, without, however, diminishing the sensi¬ 
tiveness of the device. 

There are several other forms of arrestor which are modifica¬ 
tions in some degree of the horn and resistance device. The 
graded-resistance horn arrestor, for example, has a tapered or 
stepped gap. A moderate discharge takes place across the 
narrowest portion of the gap which has a high resistance in 



Fia. 1S9.—Diagram of Burke horn-gap arrestor. 

series therewith. If the current flow is not sufficient to relieve 
the line the arc jumps across to the next wider gap, and so on, 
the successive gaps having lower and lower resistances in series. 
Under the severest conditions the discharge will be taken at the 
last gap where no resistance at all is in series. 

Space does not permit of a description of these various niodi- 
ficiitions in detail, as they only enjoy a limited popularity. More 
efficient types of protective apparatus can now be obtained at a 
reasonable cost, and the greatest value of the horn gap at the 
present time is as an adjunct to some of these modern arrestors 
206, Multiple-gap Arrestor. —Tins type of arrestor, first 
developed by Wurts,'^ has, like the horn gap, been in use for 
a considerable time. It consists of a series of small metal 
cylinders insulated from one another, and separated by airgaps 
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of about of an inch wide. The first of the series is connected 
to the line, and the last to earth, and the number of gaps neces¬ 
sary depends upon the line voltage. To assist in the suppression 
of the arc and thereby prevent dynamic current from the line 
flowing through the arrestor, the cylinders are made of an alloy 
of zinc called a non-arcing metal. The vapour fonned by an arc 
between these cylinders has a rectifying effect similar to mercury 
vapour, thereby suppressing the arc every other half-cycle. It is 
common practice to knurl the surface of the cylinders so as to 
present as large a cooling surface as possible, this also helping to 
extinguisli the dynamic current. 

The theory of the arrestor is briefly as follows. There is a 
certain capacitance between consecutive cylinders, and also be¬ 
tween each of these cylinders and earth, and this leads to a non- 
uniform distribution of the potential between the various gaps. 
The phenomenon has been previously discussed in connection with 
the analogous case of the suspension insulator (Art. 81). It is 
sufficient here to state that the potential per gap is greatest at 
the line end of the arrestor, and gradually diminishes towards the 
gaps at the earthed end. The result is, that when the voltage 
across the arrestor reaches a certain critical value, breakdown 
occurs between the first and second cylindei's. The second 
cylinder is then connected to the first by an arc so that its 
potential rises accordingly until breakdown occurs between the 
second and third cylinders; and so on. The dynamic current 
then follows the discharge and in so doing produces a sensibly 
uniform fall of potential along the line of cylinders, with the 
result that the maximum potential difference between cylinders 
is considerably leas than that required for the initial breakdown. 
The dynamic current continues to flow until the line voltage 
passes through zero to the next half-cycle, when the arc¬ 
extinguishing quality of the metal electrodes comes into action. 
Some of the zinc is vaporised by the heat of the discharge, and 
when the current in the gap passes thi*ough the zero point of the 
wave the zinc vapour prevents its re-establishment in the opposite 
direction. Before the voltage again reverses, the arc vapour in 
the gap has cooled to a non-conducting state, cutting off’ fui-ther 
flow of current. As in the case of the horn arrestor there is 
a current limit, although a higher one, beyond which the arc 
will be maintained despite the quenching action, so that limiting 
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resistances must be employed in most instances. These resistances 
are usually of graphite mixture or metallic, and are connected in 
series with the group of gaps as shown in Fig. 140. Their value 
is such as to limit the dynamic current to less than 20 amperes. 

The multiple-gap arrestor is not satisfactory for use on systems 
with line pressures exceeding, say, 33 000 volts, due to the fact 
that the necessary increase in the number of gaps to prevent arc¬ 
ing over by the normal voltage is out of all proportion to the 
increase in voltage. There is also much uncertainty as to the 
number of gaps required, this depending on the position of the 
arrestor relative to surrounding earthed objects. With the earth 
potential brought very near to the arrestor, the potential gradient 
at the end near the line frequently becomes high enough to ionise 
the air between the cylinders, thiis carrying the line potential 
to lower cylinders until the remaining gaps are so few that a 
discharge occurs. 
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Fia. 140.—Diagram of multiple-gap arrestor. 

In order to obtain a more equal distribution of potential over 
the arrestor, and so allow of a reduction in the number of gaps 
necessary, a metal earth-shield or antenna is sometimes placed 
near the gaps at the high-potential end of the arrestor and con¬ 
nected to the line wire.^ Other modifications also have been 
proposed, but are not in general use, as the cost of the arres¬ 
tor for the high voltages at which such special designs would be 
necessary is so great as to make other types of arrestor a better 
commercial proposition. 

As with other types of lightning arrestor, the multiple-gap 
arrestor loses its efficiency as a discharge path for intense disturb¬ 
ances when it is provided with a series resistance. Thomas ® has 
shown, however, that the difficulty can be largely surmounted by 
shunting some of the gaps with a resistance and using a smaller 
series resistance than with the unshunted arrangement. The ar¬ 
restor with shunted gaps is known as the ‘ low-equivalent arrestor/ 
and the principle of its construction is shown in Fig. 141. 
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It will be seen that the point B is at earth potential when 
conditions are normal, so that a discharge will take place when 
the pressure is sufficient to break down the series gaps between A 
and B. The impulsive rush of current following the break-down, 
being of high frequency, will choose the straight through path to 
earth via the shunted gaps between B and (7, instead of the 
alternative path through the shunt resistance, finally passing to 
earth via the small series resistance. As soon as the impulsive 
rush of current is over, the arcs in the shunted gaps die out, with 
the result that any dynamic current attempting to follow will have 
to flow through both resistances, which are now in series. This 
current will be so reduced by the high resistance in its path that 
it will not be sufficient to maintain the arcs in the series gaps, 
which therefore go out as well. 

The effect of shunting some of the gaps is therefore to give 
the arrestor a certain amount of selective action, since it interposes 

Shun!” Resis 
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/V senes gaps 
Fig. 141.—Diagmm of ‘low-equivalent’ multiple-gap arrestor. 

a low resistance in tlie path of high-frequency disturbances, and a 
high resistance in the path of low-frequency discharges. If wire 
resistances are used this selective action will be improved since 
they cannot be wound absolutely non-inductively, and so their 
impedance will increase to some extent with the frequency. Thus 
the higher the frequency of the discharge, the greater the imped¬ 
ance of the shunted resistance, and therefore the greater the 
tendency for such a discharge to bridge all the gaps and to by¬ 
pass the shunted resistance. In one form of construction the 
series resistance is dispensed with altogether, the arrestor consist¬ 
ing simply of a large number of gaps some of which are shunted 
and some not. 

As compared with the horn arrestor, the multiple-gap type 
has the advantage of greater sensitivity to minor pressure rises. 
Furthermore, it has the property of extinguishing any dynamic 
current following the discharge at the zero value, instead of in the 
neighbourhood of the maximum value as with a horn gap. There 
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is therefore no danger of the arrestor becoming the seat of high- 
frequency oscillations after it has operated. On the other hand, 
the multiple-gap type is more costly, especially for the higher line 
voltages. 

207. Lightning Arrestor Spark Gaps. —During recent years 
tliere have been evolved types of lightning arrestor such as the 
electrolytic, oxide film and autovalve arrestors which can be 
designed to give satisfactory service no matter what the voltage of 
the system on which they are installed. These modern arrestors 
have a very high discharge capacity owing to the fact of their 
possessing a valve characteristic. In other words, they act like a 
counter e.m.f. equal to the line voltage, and the energy to be 
dissipated on discharge is limited to the energy of the over¬ 
voltage. 

In general, these arrestors consist of two parts, first, a spark 
gap for discharging an abnormal voltage, and second, a means for 
preventing the normal line voltage from maintaining a power arc 
across the gap. Much research work has been carried out to de¬ 
termine the best form of spark gap for this purpose, and the simple 
horn gap formerly used has now been practically superseded. 

In order to understand the raison d'Hre of these later types 
of spark gap the fundamental phenomena relating to spark-over 
must be briefly reviewed. Consider, first of all, the case of a 
needle gap. When a 50-cycle voltage is applied to such a gap 
and gradually increased, spark-over occurs at some definite value 
of the voltage. This is the minimum voltage required for the gap 
to discharge, and the phenomenon requires a finite period of time. 
When a steep wave front or high-frequency voltage is applied to 
the same gap, however, spark-over does not occur at the instant 
the minimum or 50-cycle voltage is reached but at a higher point 
on the rapidly rising voltage wave. The ‘slower’ the gap, the 
higher the voltage rises before breakdown. This dielectric spark 
lag is due to the fact that in the non-uniform field of the needle gaj) 
balls of corona first foi*m around the electrodes, and gi*ow in size 
until the stress between them is sensibly uniform and gi'eat enough 
to bn^ak down the remaining air. Hence both time and energy are 
required bed’ore spark-over can take place. In Fig. 142 are shown 
a series of typical spark-over curves relating to needle gaps in air, 
from which it will be noted that changes in frequenc}^ cause a 
consi<lerable change in spark-over voltage. 
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A sphere gap, on the other hand, has the characteristic of 
possessing a spark-over voltage approximately independent of the 
frequency, i.e. voltages of all frequencies and wave fronts discharge 
across the gap at the same value. In this case the field between 
the electrodes is practically uniform. The only energy required 
prior to breakdown is the extremely small amount necessary to 
charge the spheres, and consequently the time-lag is practically 
zero. The curves of Fig. 148, which exhibit the results of tests 
on sphere gaps, show no variation of spark-over voltage with 
frequency at spacings less than, or comparable with, the sphere 
diameter. 



Fig. 142.—Spark-over voltage for 
needle gaps. 
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Fig. 143.—Spark-overvoltage 
for sphere gaps. 


The following points therefore should be noted;— 

1. Two gaps with e(|ual 50-cycle spark-over voltages may have 
extremely different lightning or impulse spark-over voltages be¬ 
cause of time-lag. 

2. This time-lag is the greater in a non-uniform field, or for 
electrodes where corona precedes spark-over, and is a minimum 
for a uniform field. 

3. The spark-over voltage increases, and the time-lag decreases, 
with increasing steepness of wave front. 

With any particular set of electrodes the ratio between the 
voltage at impulse fre(|uency, say, 600 kilocycles per second, 
required to cause spark-over, and that necessary at lino frequency, 
is termed tlie impulse ratio of the gap. The impulse ratio 
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between needle points is of the order of 1‘5 to 2*3, depending on 
the spacing to some extent. A sphere gap at close settings has, 
of course, an impulse ratio of unity. With regard to horn gaps, 
these may have either sphere or needle-gap characteristics, de¬ 
pending upon the ratio of the diameter of the electrodes to their 
distance apart. If the setting is very small, as with low voltage, 
the gap will have sphere-gap properties and therefore a unity 
impulse ratio. If the gap is wide, as with high voltages, then its 
properties will be more nearly those of a needle gap. 

It is important to utilise these principles in designing trans¬ 
mission systems. That is, lightning arrestor spark gaps should 
have an impulse ratio of unity or as low as possible, while 
insulators, and insulation generally, should have a high impulse 
ratio. In this connection it should be noted that the impulse 
ratio for the usual types of suspension insulator varies between 
1’2 and 1*6, while for the pin-type insulators the figures are 
about 1*3 to 2 3. With solid dielectrics the impulse ratio is 
generally higher than with air. Thus varnished cloth or oiled 
presspahn between flat discs and immersed in oil shows an 
impulse ratio of from 2*2 to 2*5. 

In comparing the protective values of lightning arrestor spark 
gaps it is necessary to take into account, not only the impulse 
ratio, but also the gap setting imposed by operating conditions. 
Thus, if the spark gap is placed out of doors without any 
protection from the weather, it must be set so that it will with¬ 
stand normal line voltage with a factor of safety under the most 
unfavourable conditions. The 50-cycle spark-over voltage of a 
gap is very much decreased if the surfaces of the electrodes are 
covered with moisture due to rain or fog. The decrease in spark- 
over voltage due to moisture differs greatly with the shape of the 
electrodes, and, speaking generally, the more uniform the gap the 
greater the reduction. Thus the influence is a minimum for 
points and a maximum for plane surfaces. For spheres the wet 
spark-over voltage is 40 to 50 7o of the dry spark-over voltage, 
and for horns the corresponding ratio is about 60 to 70 7o» vary¬ 
ing with the spacing to some extent. 

On the other hand, the impulse spark-over voltage of any 
form of gap is practically unaffected by moisture on the 
electrodes. Denoting by a the impulse ratio of a spark gap, 
and by /8 the setting factor or ratio of dry spark-over voltage 
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to wet spark-over voltage, the relative protective values of two 
gaps for high-frequency voltages vary inversely as 

®2P2 


To illustrate this point consider the following types of gap :— 

1. Horn gap installed out of doors,- 

2. Sphere gap out of doors, and 

3. Sphere gap covered. 


The figures in Table 27 give representative values of a and ^ 
for each case, and the superiority of the covered sphere gap is 
clearly demonstrated. Calling the protective value of the latter 
100 7o» the protective value of the outdoor sphere gap is 50 7o» 
and that of the simple horn gap only about 36 


Table 27 .—Relative Protective Values of Spark Gaps. 



a. 

i8. 

afi. 

Relative 

Protective 

Values. 

Outdoor horn gap 

1-6 

1-6 

2-26 

86 

Outdoor sphere gap 

1-0 

2*0 

2-0 

50 

Covered sphere gap 

I'O 

1-0 

1-0 

100 


It is therefore seen that in order to fully realise the high 
protective value of a sphere gap it must be covered, or the surfaces 
of the electrodes kept fairly dry. Of course a simple sphere gap 
is not possible for use with all types of arrestor since a horn is 
often necessary to assist in breaking the dynamic arc. Wide 
horn gaps are often provided with spherical or hemispherical 
electrodes at their lower parts so as to increase the speed of the 

gap. 

A more recent development in high-speed gaps is the ‘ impulse 
protective gap ’ due to Allcutt.^ This device has a selective action 
so that it operates at a lower voltage with impulse frequency than 
it does at the supply frequency. In other words, the apparent 
impulse ratio of the gap is less than unity. In view of the 
comments previously made on the covered sphere gap such added 
facility may at first glance appear unnecessary. It should be 
borne in mind, however, that even with spheres, the arrestor will 
not discharge at any frequency until a voltage in excess of the 
gap setting is reached. Connected apparatus will therefore be 
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subjected to all high-frequency waves up to perhaps 160 % of 
noririal voltage, and is exposed to trouble duo to localised pressure 
rises or resonance caused by these waves. 

In principle the impulse protective gap is very simple, as 
shown in Fig. 144. The gap proper consists of two sphere-horn 
electrodes 8 ^ and which are connected respectively to the line 
and to the arrestor, the latter being usually of the electrolytic 
type. In addition to these two main electrodes an auxiliary 
electrode A is provided, which is connected to one of the horns 
through a condenser K 2 , and to the other horn through a 

condenser and an unbalancing 
resistance UR. At the normal 
line frequency the impedance of 
UR is negligible compared to 
that of the condensers, and if 
the two latter are equal in value 
the potential of the auxiliary 
electrode will be about half-way 
between the potential of the two 
main electrodes. If, then, the 
auxiliary electrode is mounted 
half-way between the main elec¬ 
trodes, it will have practically no influence on the distribution 
of the electrostatic field between them, nor on tlie 50-cycle 
discharge voltage of the gap. 

Suppose now that a high-freqinuicy voltage is impressed on 
the gap. The distribution of potential is then disturbed, due to 
the difference in the impedance of the circuits (UR alone offers 
appreciable impedance in this case), with the result that practi¬ 
cally the whole of the voltage is concentrated across the gap 
between A and 8 ^ This gap at once breaks down, the rest of 
the gap between A and 82 immediately following. In effect, the 
length of the gap is halved the instant a high-frequency wave 
occurs. On the other hand, a slight time-lag is introduced due 
to the fact that, in the initial breakdown, one of the electrodes is 
pointed. However, an apparent impulse ratio of 0*6 to 0*7 can 
be obtained with the commercial forms of the gap. 

20 S. Electrolytic Arrestor. —This arrestor has been un¬ 
doubtedly one of the most effective lightning protective devices 
brought out, and is in veiy extensive use on the high-voltage 



Fig. 144.—Diagram of impulse 
protective gap. 
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systems of America. The action of the arrestor depends on the 
characteristics of a film of aluminium hydroxide, which is de¬ 
posited on aluminium plates immersed in electrolyte. Such a 
film presents a very high resistance to the passage of current if 
the impressed voltage is comparatively low. Above a definite 
limit, however, known as the critical voltage, the film punctures 
and permits current to pass freely. The magnitude of this 
breakdown voltage varies between 350 and 450 volts, depending 
on the composition of the electrolyte employed. 

The yolt-ampere characteristic of an electrolytic cell having 
aluminium electrodes is shown in Fig. 145. Suppose that such a 
cell is connected to a circuit whose voltage can be varied. Then, 
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Fig. 145,—Volt-ainpcre characteristic of electrolytic cell. 


if a low voltage is applied, a film of thickness corresponding to 
the voltage will form. If now the voltage is increased, there 
will be a rush of current for a few seconds until the thickness of 
the film has increased to an amount corresponding to this higher 
voltage. If this is repeated, the same phenomena will be 
observed until the critical voltage of the cell has been reached, 
when the film will not be able to increase its thickness any 
further, with the result that there will be a free flow of current. 

It will be readily seen that this propert}^ of the aluminium 
cell can be made use of in order to relieve the line of excess 
pressures. Stacks of cells can be connected between each line 
and earth, the number of cells being such that the breakdown 
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voltage is greater by any desired amount than the voltage set 
up across the stack by the ordinary line pressure. It is not 
necessary that the number of cells should be such that, on 
charging, the film is built up to the voltage corresponding to the 
critical voltage. For, supposing the film is built up with a 
voltage below critical, then any high-frequency discharge over 
this voltage will break it down, since the time element required 
for this is much less than the time required at commercial 
frequency to build the film further. As long as conditions are 
normal no current will flow through the arrestor (except capaci¬ 
tance current which will be considered later), but if the pressure 
rises the films break down, thus allowing a free path to earth for 
the discharge. The films re-form immediately this discharge 
has passed because the normal line pressure is not sufficient to 
enable dynamic current to flow. Any desired degree of protection 
can be obtained by having a sufficient number of cells per stack, 
and the arrestor has an extremely high discharge capacity as no 
series resistance is necessary. 

The construction adopted for the arrestor is as shown in 
Fig. 146, Spun aluminium trays of double-conical section are 
nested one within the other, electrical contact between them 
being prevented by small porcelain spacers. Electrolyte is 
poured into each tray so as to make contact from one to the 
next, and the whole stack of trays is immersed in transformer 
oil. The oil serves the double purpose of increasing the thermal 
capacity of the arrestor, and of preventing evaporation of the 
electrolyte. Under extremely severe lightning discharges the 
electrolyte may splutter a little, and it is therefore usual to 
interpose a cylindrical micarta lining between the trays and the 
steel containing tank. 

Each pair of trays in the electrolytic arrestor are normally 
separated by an insulating film, and thus the whole apparatus 
can be looked upon as a series arrangement of condensers. For 
this reason it is impossible to have the stacks permanently in 
circuit, otherwise continual capacitance and leakage currents 
would flow to earth, raising the temperature of the electrolyte 
and lowering the discharge capacity. It is therefore necessary to 
interpose a spark gap in the connection between the line and 
each stack. 

For this purpose the Westinghouse Co. employ the impulse 
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Fio. 146.—Constraotion of electrolytic arrestor. (Metropolitan-Vickers 

Electrical Oo.) 
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protective ^ap, and Fig. 147 shows the application of this gap to 
an electrolytic arrestor. In the actual construction of the gap 
ordinary insulators are used for the condensers and K.yy and 
the unbalancing resistance UR is mounted on the upper insulator. 
One property of the arrestor which is of great importance is that 
when standing the film slowly dissolves in the electrolyte, and 
requii’es re-forming by the momentary passage of current. This 
charging process, as it is termed, is generally carried out once each 
day, or in very hot weather when electrical storms are frequent, 
twice daily. This is done by bridging the two horns of the gap 

for a few' seconds, thus connect- 
\ / ing the arrestor direct to the 

/ line. When this is done there 

—j is an initial rush of current 

_^ ■_ line which re-forms the film, and the 

^ 1 operator can tell whether this 

^I--^ ^ UR reforming is complete by the 

\_/ appearance of the arc on break- 

\ y _dj] ing the contact at the horns. 

^ If, by any chance, the film has 

U been allowed to dissolve entirely, 

there is a very heavy current 
~ E rUvsh on charging. To reduce 

Fig. 147.—AriaDgement of electrolytic this rush of current, and to 
arrestor and impulse protective gap. eliminate the danger of pressure 

rises which might be caused by 
oscillations set up thereby, it is usual to charge tlirough a limiting 
resistance. It will be seen in Fig. 147 that the earth-side horn 
is split, so that when the horns are bridged above this split the 
charging current has to flow through the resistance CR. When a 
discharge from the line occurs, however, it takes place across the 
spheres, so that only the resistance of the electrolyte is in circuit, 
thus giving maximum freedom of discharge. The resistance of 
commercial arrestors varies from about 60 ohms for a 22-kilovolt 
installation to 320 ohms for a 110-kilovolt installation, so that 
the discharge capacity is high. 

The chief disadvantages of the electrolytic arrestor are the 
freezing of the electrolyte at low temperatures (which makes 
the arrestor practically inoperative), and the necessity of daily 
charging. This latter consideration considerably increases the 
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maintenance expense, particularly in the case of arrestors located 
on the more remote parts of the line. 

209. Oxide Film Arrestor. —This type of arrestor has not 
been in use for many years but appears, in some respects, to be 
superior to the electrolytic arrestor. Its action depends upon the 
fact that certain dry chemicals chancre very rapidly from good 
conductors to almost perfect non-conductors when heat is applied. 
Thus, lead peroxide which has a specific resistance of about 1 ohm 
per inch cube at ordinary temperatures becomes converted to red 
lead at about ISC'" C., its specific resistance being then of the order 
of 24 million ohms per inch cube. A further increase in tempera¬ 
ture reduces the re<l lead to litharge, which is practically an 
insulator. 

The actual arrestor working on this principle consists of a 
number of cells held together under slight pressure in sections or 
stacks. Each cell is made up of sheet-metal electrodes about 7-J 
inches in diameter dipped in an insulating varnish, which covers 
them with a film, and separated by a porcelain ring about 0*5 
inch thick. The space between the electrodes inside the ring is 
filled with lead peroxide powder. The number of cells used in 
an arrestor is such that the voltage per cell is approximately 300 
volts. 

Fig. 148 shows the volt-ampere characteristic of a cell com¬ 
pared with that of an aluminium arrestor cell. It will be seen 
that riglit up to the critical point the leakage current is very 
small, and then the cell breaks down with absolute suddenness. 
When the insulating film on the electrodes breaks down it is 
punctured in very fine pinholes, and therefore any dynamic 
current following the discharge has to flow through these pin¬ 
holes. Thus there is intense local concentration of current, which 
produces local heating to such an extent that the neighbouring 
lead peroxide becomes converted to the insulating litharge. 
Hence the pinholes are almost immediately re-sealed, thus pre¬ 
venting any flow of dynamic current. According to Field,® the 
time taken for this re-sealing is certainly leas than one four- 
thousand t)i of a second. The ohmic resistance of an arrestor 
during discharge varies between 0*01 and 0*1 ohms per cell, 
depending on the path followed by the discharge, so that the 
impedance oflered to the flow of a lightning discharge is very 
small. In the course of time all the lead peroxide must be used 
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up, but the quantity employed in the cells appears to suffice for 
several years* normal service. 

Although the oxide film arrestor does not take such a large 
capacitance current as the electrolytic type, it is necessary to 
place a spark gap in series therewith because of the deteriorating 
effect of the alternating current on the sheet-metal plates. The 
General Electric Co. employ for this purpose covered hemisphere 
gaps, set at about 170 % the normal voltage of the system. 

The great advantage possessed by the oxide film arrestor is 
that it does not require daily charging, and it may thus be in¬ 
stalled at points on transmission systems where daily attendance 
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Fia. 148.—Volt-ampere characteristic of oxide film cell. 

is difficult or expensive to provide. On the other hand, varnish 
has an impulse ratio of above unity, so that as the action of the 
arrestor first depends on the puncture of a varnish film, it appears 
as though the device as a whole would be less sensitive to steep- 
fronted waves than to low-frequency disturbances. 

210 . Autovalve Arrestor. —The autovalve arrestor, originated 
by Slepian,^ is one of the most modern developments for the pro¬ 
tection of transmission lines from the effects of abnormal pressure 
rises. In principle it is essentially a multiple spark-gap type of 
arrestor, but makes use of a glow discharge instead of an arc 
discharge. 
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The lower curve in Fig, 149 shows the characteristic of an arc 
discharge in air. If, however, the electrodes of a gap are made 
of material of considerable resistivity, any discharge is distributed 
over the faces of the electrodes, and local heating with formation 
of an arc is not possible. In this case, therefore, the discharge is 
maintained as a glow with volt-ampere characteristics, as shown in 
the upper curve of Fig. 149. Studies have shown that when flat 
electrodes are separated by insulating spacers of the thickness to 
give gap lengths of 3 to 5 mils the glow-discharge voltage is 
practically constant at 350 volts (instantaneous value) over a wide 



Fia. 149.—Volt-ampere characteristics of arc and glow discharge. 


range of current values. The breakdown voltage is also of the 
same magnitude. Thus a structure composed of a column of flat 
electrodes suitably spaced will operate as a valve, the critical 
voltage being approximately 350 volts per gap. The character¬ 
istics of the arrestor over this critical voltage will depend on the 
thickness, area, and resistivity of the electrodes. 

In the commercial form, the arrestor is built up of a series of 
disc electrodes made of a composition material of suitable re¬ 
sistivity, each pair of discs being separated by mica spacers. 
Each column of gaps is connected between line and earth through 
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a aeries gap. The number of gaps is chosen so as to give one gap 
for each 200 volts (K.M.S.) between line and earth, thus provid¬ 
ing a voltage margin of approximately 25 7o before breakdown 
occurs. The disc area is selected to give a resistance rather lower 
than the electrolytic. For example, arrestors for a 22-kilovolt 
installation have a resistance of about 45 ohms, and those for use 
on a line voltage of 110 kilovolts have an approximate resistance 
of 225 ohms. 

The autovalve arrestor has the advantage over the electrolytic 
type in that the initial cost and maintenance charges are lower, 
and there is no necessity for daily attendance. Hence it has a 
wider field of application than the electrolytic, as it can be used 
to protect isolated transformer stations, automatic substations, 
or similar plant where the installation of electrolytic arrestors 
would not be justified from an economic point of view. 

21 1. Later Types of Arrestors. —In the latest design of 
auto valve arrestor the construction has been radically altered, 
and the arrestor is now built up of cylindrical, porous blocks, 
incorporating in them small amounts of powdered metal or other 
conducting material. These cylindrical blocks or elements are 
assembled in a porcelain casing which also includes a totally 
enclosed gap structure, the number of elements depending on the 
voltage rating of the arrestor.^® 

Another recently-developed type of arrestor is very similar 
in many respects to the new autovalve arrestor, but is built up 
of discs or elements made from a synthetic material known as 
thyrite. This material has the useful property of decreasing 
in resistance as tin? current increases. For example, each time 
the voltage is doubled the current increases about thirteen times.^^ 

Commercial development of apparatus on the above lines has 
resulted in the production of arrestors with a greatly improved 
performance, and only one-half the size and weight of the older 
types. 

212 . Arrangement of Lightning Arrestors.— The arrange¬ 
ment of electrolytic and other valve-type arrestors on a three-phase 
circuit depends on whether or not the neutral point of the circuit 
is earthed. In Fig. 150 (<x) the three arrestor stacks or columns 
are star connected and the neutral point connected direct to 
earth. This is suitable for use on a system with earthed neutral, 
bc^ranse if one of the lines becomes earthed the other lines will 
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still be at the star voltage above earth, and will not therefore 
cause the arrestor to discharge. 

If the neutral point of the system is not earthed, then four 
stacks are necessary, as shown in Fig. 150 (6). The reason for 
this is, that in the event of an earth on one line, the other two 
lines will be raised to the full line voltage above earth instead of 
the normal star voltage. As a result, if the arrangement of Fig. 
150 (a) were used with an unearthed neutral, an earth on one line 
would immediately cause the arrestors on the other two lines to 
operate, unless they were set to operate at a pressure between 
line and earth greater than the line pressure of the system, i.e. 
more than 173 7o the normal voltage across them. The pro¬ 
tection afforded in sucli a case would obviously be too coarse. 



4 ^- 

W (^) Cc) 


Fig. 160.—Arrangement of lightning arrestors on a three-phase circuit. 

With the neutral point of the system connected to earth 
through a resistance, the precise voltage impressed across each 
stack of the arrestor depends on the earth current. To guard 
against mishap, however, it is customary to use the four-stack or 
multiplex arrangement in all cases except where the neutral point 
is earthed solid. 

An arrangement of stacks recommended for use with the 
auto valve arrestor is shown in Fig. 150 (c). In this method of 
connection three columns or stacks are used, each designed for 
line or delta voltage, and an interconnection between stacks is 
provided at the star-voltage point in each stack. The arrange¬ 
ment is based on the idea that the requirements from the standpoint 
of discharge-current capacity are fixed by the most severe con¬ 
ditions, which are those imposed by disturbances of external or 





414 


ELECTRIC POWER TRANSMISSION 


atmospheric origin. Discharges due to these external causes pass 
through the three line elements in parallel and then through the 
earth element. Thus, in the multiplex connection, the IR drop in 
the arrestor resistance of the line and earth elements in series 
is four times that across a line element With the method of 
connection shown in Fig. 150(c) the resistance is reduced to that 
of an arrestor for line voltage only. In other words, the addition 
of 29 in the material used increases the discharge capacity by 
about 132 %. 

213 . Condensers. —In order to relieve the line of those high- 
frequency disturbances which are not of sufficient amplitude to 
discharge over an arrestor, electrostatic condensers are often used. 

These have the useful property of possessing an impedance 

which is inversely proportional to the frequency of the discharge. 
For example, supposing that a 50-cycle transmission system had 
a batter}^ of condensers of value 0 05 microfarads installed between 
each line and ground. Assuming that the wiring connections to 
the condensers were of negligible impedance, the apparent resist¬ 
ance to the passage of the 50-cycle current would be 63 500 ohms. 
If, however, an oscillation having a frequency of 500 kilocycles 
per second occurred in the line, the apparent resistance of the 
condenser battery thereto would only be about 6'35 ohms. 

It is almost the same, as far as these high-frequency discharges 
are concerned, as though the line were connected direct to earth 
at the point where the condensers are installed. It is this pro¬ 
perty of the condenser of presenting a very small obstacle in the 
path of high-fre({uency currents, while allowing practically no 
current to pass at line frequency, which makes it so valuable 
as a protective device against those high-frequency oscillations 
always accompanying lightning phenomena. 

The first satisfactory design of condenser for this purpose was 
due to Moscicki,^^ and consists of a long thin glass tube, provided 
inside and out with a coating of silver deposited chemically and 
then electroplated. This method of construction obviates any 
danger of air bubbles being enclosed between the coating and the 
glass, which would he a source of danger. The thickness of the 
tube must be kept as low as possible in order to get a high value 
of capacitance, and special precauti^ms must also be taken to pre¬ 
vent ‘edge’ trouble due to concentration of the electrostatic stress 
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at the edges of the metallic coatings. Each condenser is mounted 
inside a long metal tube, the space between being filled with a 
mixture of water and glycerine to give the apparatus a large 


thermal capacity, and thus prevent a 
dangerous rise of temperature on passing 
a heavy discharge. The glycerine also 
prevents freezing in cold weather. The 
tubes are finally assembled in metallic 
frames in the form of batteries, a sufficient 
number being connected in parallel to give 
the requisite capacitance. 

The Moscicki condenser met with ex¬ 
tensive application, but proved rather 
difficult to develop for the high voltages 
now in more general use, and its fragile 
character due to the use of glass also 
hindered its commercial exploitation. 
Other materials such as impregnated 
paper and mica have been tried out for 
high-tension condensers, but the latest 
type uses as dielectric strips of acetyl 
cellulose known under the name of 
‘ Cellon,’ This material is remarkably 
suitable for the purpose, as it has good 
electrical properties, and can be obtained in 
large sheets or strips of very uniform 
quality. Most important of all, it is free 
from fissures and air pockets which have 
been the cause of much trouble with con¬ 
densers using other dielectric materials. 
In the manufacture of cellon condensers, 
strips of the material are silver plated on 
each side so that the plating forms the 
metallic conductors of the condenser. 
This plating is carried out by chemical 
means by passing the band of dielectric 
through appropriate chemical baths. A 



Fig. 151. — Higb-teneion 
condenser with discon¬ 
necting fuse-switch. 
(Isenthal & Co.) 


high-resistance film is then applied to the edges of the metal with 
the object of producing a gradual tailing-off of the potential at 
these points, and avoiding trouble due to local stress concentration. 
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After treatment, the strips are wound up into rolls which are 
fitted into short insulating tubes provided with metal end-caps 
making cartridge elements which can be connected in series. 
Several of these cartridges are connected together and mounted 
inside a porcelain tube container, which is fitted with metal end- 
caps to provide terminal connections for the condenser. Any 
number of these porcelain-covered condenser units can be con¬ 
nected in series by screwing the metal caps together, and Fig. 151 
illustrates such an arrangement with a disconnecting fuse-switch 
mounted on the top. This fuse-switch is of a special design and 
introduces a high resistance into circuit just prior to disconnection, 
so that the arcing is minimised, and there is no trouble set up 
by pressure rises due to this cause. The condenser can be fitted 
with rain shields and is then very suitable for outdoor installation, 
or it may be arranged for suspension mounting. 

Although condensers are permanently in circuit, the power 
taken by them is exceedingly small because the current at supply 
frequency is small, and furthermore it leads the applied voltage 
by nearly 90 degrees. The departure of the current from true 
quadrature depends upon the magnitude of the dielectric losses 
and these are quite low. When installing condensers, choking 
coils are connected between them and the apparatus to be 
protected. These choking coils act as an impassable barrier to 
the high-frequenc}^ waves, which have then to find their way to 
earth through the condenser. 

214. Surge Absorbers. —It must not be understood from the 
above remarks that condensers are able to dissipate the energy of 
a discharge as though the discharge had taken place through a 
resistance. The action of the condenser is really to shunt the 
high-frequency discharge away from the apparatus to be pro¬ 
tected, and the dissipation of the energy is due to the resistance 
of the line conductors and the earth connections. It thus ap¬ 
pears desirable to place in series with the condensers a non- 
inductive resistance, so as to rapi<lly absorb the energy of a 
disturbance. Such a combination of resistance and capacitance is 
known as a surge absorber. 

Another type of surge absorber is provided by an arrangement 
of a non-inductive resistance in parallel with an inductance coil. 
Both of these devices were first proposed by Campos,^^ and 
undoubtedly have a certain protective value. The best conception 
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of their action is obtained by considering them as resistances to 
which a condenser or inductance is connected in series or shunt to 
act as a switch. This imaginary switch automatically connects 
resistance in circuit when a high-frequency discharge of energy 
occurs, and automatically disconnects it when conditions are 
normal and resistance is no longer required. 

It is now standard practice on some transmission systems to 
lead the current from an overhead line into terminal stations, 
through a length of underground cable. Such a cable forms 
a type of surge absorber capable of dissipating considerable 
quantities of high-frequency energy, owing to the combined effect 
of dielectric and sheath losses. However, a considerable length of 
cable is required to obtain adequate attenuation and smoothing- 
out effects. 

Another type of apparatus which has come into use compara¬ 
tively recently is the Ferranti surge absorber, which consists of an 
air-core inductance connected in series with each line conductor 
and having a high-resistance metallic sheet, termed the dissipator 
in close electrostatic and electromagnetic association. This sheet 
is connected to ground. When a steep-fronted wave or impulse 
enters the absorber, the energy required to charge the condenser 
formed by the coil and earthed sheet is abstracted from the energy 
in the wave. More important still, the eddy currents set up in 
the dissipator reduce the energy of the high-frequency components 
of the wave, so that the absorber acts as a filter circuit for currents 
of high frequency, or steep-fronted impulses. It thus possesses 
similar characteristics to a long length of cable. It is claimed 
that, by installing this apparatus, the pressure rise across the end 
turns of a transformer subjected to incoming high-frequency 
waves can be reduced to about 15 % if'S original value. 

215. Arcing Ground Suppressors. —On fully-insulated trans¬ 
mission systems, arcing grounds are always liable to give trouble. 
Furthermore, should a spill-over occur on a line insulator, there is 
the possibility of the arc continuing during an appreciable length 
of time sufficient to do serious damage to the insulator, even if it 
should not totally destroy it. In order to protect against trouble 
due to these causes, the arc suppressor due to Creighton has 
been occasionally used. This is an automatic device for momen¬ 
tarily short-circuiting the arc through a switch. By providing a 
metallic connection between the conductor and earth the arc is 
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suppressed, and it will usually not re-form when the switch is 
again opened because the air in the path of the arc has had time 
to cool, and the line pressure, which was sufficiently high to main¬ 
tain the arc once started, is not able to break down the insulation 
of the new layers of cooler air. 

The diagram of Fig. 152 illustrates the principle of action of 
the apparatus. The chief feature is the selective relay which 
energises the solenoid operating the switch on the faulty line. 
The relay operates on the principle of a leakage detector. For 
high-pressure systems it is of the electrostatic type, but for low 



Fig. 152.—Diagram of arcing ground suppressor. 


voltages it works on the electromagnetic principle. When the 
relay operates, it picks out that phase which is brought near to 
earth potential by a fault, and through the intermediary of the 
trip coil and oil switch connects the faulty phase to earth for a 
fraction of a second, after which it is automatically disconnected 
again. Of course three earthing oil switches are employed, one 
in each phase, but only one is shown in the figure. Owing to the 
increasing practice of earthing the neutral point of three-phase 
systems the need for the arc suppressor has almost disappeared 
and at the present time it is chiefly of historical interest. 
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216 . Petersen Coil. —The neutral-earthing reactor proposed by 
Petersen is another device sometimes employed to protect against 
the effect of arcing grounds on those transmission systems for which 
earthing is not desirable for one reason or another. For example, 
the terminal apparatus may not be able to safely withstand short- 
circuit, or a single transmission circuit only being in use frequent 
interruptions to the supply cannot be tolerated. The device itself 
consists of an air-core reactor connected between the neutral of 
the circuit and earth. The reactance is of such a value as to 
neutralise the capacitance of the circuits when an accidental 
earthing with arc formation occurs. Under this accidental 



Fig. 153.—Flow of currents iu three-phase system with arc from one phase 

to earth. 

condition the reactor is electrically in parallel with the active 
capacitances, and the residual current is of very small magnitude. 

The theory of operation can be understood by referring first to 
Fig. 153, which represents the high-voltage side of the transformer 
bank, and the transmission circuit on which there is an arc from 
phase 3 to earth. The charging currents will flow through the 
capacitances and from phases 1 and 2 to earth, through the arc 
back on conductors 3 to the transformer, and thence to conductors 
1 and 2 as showa Capacitance Cg is short-circuited by the arc. 
Now if a reactor is inserted between the neutral and earth, as in 
Fig. 154, a current ii will flow through the reactor and the arc as 
shown. ii is opposite in phase to ij + ig* ^ suitable value of 

reactor is chosen the current through the arc will be neutralised, 
and the final flow of current will be as shown. In actual practice, 
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there is an active component of current due to the losses in the 
reactor and lines, and the current cannot be balanced out but exists 
as a small residual current through the arc. This, however, is 
soon extinguished, as it is insufficient to support a permanent 
arc. 

It will be obvious that the conditions are entirely changed if 
the fault is a definite leak, which has not the re-sealing features 
or an eartli arc on extinction, and there is nothing in the conditions 
outlined which allows of discriminating protection It is con¬ 
venient therefore to install a time-lag relay, which on a sustained 
discharge through the reactor will operate to close a switch, shunt¬ 
ing the reactor and thereby solidly earthing the neutral, and 



Fia. t54.—Flow of currents in three-phase system with neutral-oarthing reactor, 
and arc from one phase to earth. 


throwing the business of clearing the fault on to the other 
protective gear installed. 

Although there are a large number of these coils in use on the 
Continent, the device does not appear to be of general application. 
In particular, it is not (juite satisfactory for installing on trans¬ 
mission systems operating at the highest voltages, or even on 
moderate-voltage systems if the length of transmission is very 
great. For in this case the charging current is large, and the 
reactance required for the Petersen Coil is correspondingly low. 
The reactance of the transmission line, on the other hand, is high, 
so that it is difficult to maintain a balance for arcs at different 
points on the line, and there may be enough residual current to 
maintain the arc. 
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217. Water-jet Earthing Resistances.— These devices have 
been much employed on the Continent to relieve overhead lines 
of dangerous electrostatic charges. They consist essentially of 
permanent leaks to earth through continuous jets of water. The 
diagrams in Fig. 155 show two common types. In the first, the 
jets of water issue from earthed nozzles and impinge against 
inverted metallic cups connected by means of isolating switches 
to the line. In the second type, the jets are at the top and the 
water flows into insulated troughs or funnels each connected to 
one pole of the system, and thence into an earthed tank. In 


Mcfollic cupa 

connected 

CO^duC^□rs 
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Pia. 155.—Water-jet earthing resistances. 

this case, each pole has two leakage paths to earth in parallel, so 
that it is often used in places where the water is very pure and 
therefore of high resistance. 

Since these water jets constitute a permanent leak to earth 
they are very efficient in relieving the line of gradual accumu¬ 
lation of static charges, but the resistance is naturally very high 
in order to prevent the loss of too great an amount of energy. 
For example, the Allgemeine Elektricitats Gesellschaft recom¬ 
mend that the leakage current for a 77 000-volt system should 
have a value of about 0*08 amperes, corresponding to a resistance 
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for each jet of 555 000 ohm.sJ' It is obvious that a resistance of 
this value is utterly incapable of giving any protection against 
steep-fronted travelling waves due to lightning effects. Fui'ther- 
more, the safeguard against static over-potential is very dearly 
bought, especially if the water jets are permanently in circuit. 
Taking the 77 000-volt case again, and assuming that the cost 
per unit of energy at the station is 0*5 pence, the value of the 
wasted energy would be about £200 per annum. 

To reduce the loss of energy it is common practice to cut the 
water jets out of circuit unless thunderstorms are expected, but 
this reliance on the human element renders the apparatus less 
valuable than an equally effective device which is always ready 
to act. 

From the above it will be seen that water-jet earthing resist¬ 
ances are able to deal only with static charges on the line, and 
only then if the accumulation of charge is slow. Since there are 
other types of arrestor which will safeguard the line against this 
effect in addition to travelling waves, the installation of water- 
jet earthing resistances can hardly be justified. 

2 i8, Earthing Choking Coils. —For large systems, where it 
is necessary to provide means to dissipate static charges, the 
water jet has often too high a resistance and earthing choking 
coils have to be resorted to. These have the advantage of dis¬ 
sipating very little energy because the current through them is 
practically wattless. Also there is no waste of water which, in 
any but a hydro-electric station, might be a serious item. 

In order to have a sufficiently large reactance and prevent too 
much current flowing to earth these coils have a laminated iron 
core, so that there are small iron losses in addition to small 
copper losses. But since the inductance of the coil is the main 
factor in limiting the permanent earth current, the resistance 
can be made so small that even rapidly accumulating static 
charges can be successfully dealt with. 

These choking coils are of no value in relieving the line of 
travelling wave effects because, their reactance being proportional 
to the frequency of the current flowing through them, they will 
offer an enormous impedance to high-frequency waves. Their 
function, like that of water-jet earthing resistances, is to relieve 
the line of static over-potentials only. 

Earthing choking coils are connected between each line and 
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earth, so that their insulation will normally have to withstand 
the star voltage of the system. They have to be insulated, how¬ 
ever, for the full line voltage, since that is the voltage the insula¬ 
tion will have to withstand if one of the lines should become 
earthed. 

Of course, if the neutral point of the transmission system is 
earthed solidly, or through a resistance, a path to earth is pro¬ 
vided for any static charges on the conductors, thereby rendering 
unnecessary any special apparatus for this purpose. 

219 . Modern Tendencies.—The more important types of 
apparatus for the protection of transmission lines and terminal 
stations from the effects of pressure rises have now been described. 
There are many devices to choose from, each of which has its own 
particular field of usefulness, and it is now possible to provide 
reasonable protection against discontinuity of service during 
atmospheric disturbances. 

For the highest voltages, e.g. over 110 kilovolts, there is a 
tendency to do away altogether with lightning-arrestor equipment 
under normal conditions, and to rely mainly on the insulation 
backed-up by ground wire, and possibly surge-absorber, protection. 
The pressure of the system is already so exceedingly high that if 
the insulation of the line and the transformers is designed with 
a reasonable factor of safety it will stand up to anything in the 
nature of an over-voltage, with the exception of a direct lightning 
stroke, or exceptionally severe induced stroke. 

On the other hand, a line traversing districts exposed to severe 
lightning storms requires special protective measures to reduce 
interruptions of supply to the minimum. To this end, small and 
compact forma of arrestor and other devices for the prevention 
of flash-over on individual insulator strings have been developed, 
and are now being tried out on various installations. If successful 
these devices may have a fairly wide field of application.^®* 

It is also probable that the near future will see some develop¬ 
ments with the idea of making the line more or less self-protective. 
For example, it has been su^ested that the properties of the 
corona might be utilised as a protection against lightning and 
other similar types of disturbance. The spacing and sizes of 
conductor of transmission lines could often be arranged so that 
the normal operating voltage was only just below the corona- 
forming voltage. If an over-voltage then occurred, the energy 
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of the disturbance would be quickly dissipated in the corona 
itself. 

For low- or medium-voltage lines the spacing necessary for 
corona formation would be so small as to constitute a serious 
danger of the wires swinging together, or of flash-over. In these 
cases it would be possible to equip lines of standard spacing with 
some form of studs or points, which would produce a corona- 
discharge curve equal to or better than the normal corona power- 
loss curve. Experiments have been made by Nagel and 
Whitehead,using barbed wires, and also wires having mounted 
on them corona-forming studs, with satisfactory results. Ap¬ 
parently sufficient protection for the station apparatus could be 
obtained by arranging for this artificial corona formation on the 
two terminal miles at each end of the transmission line. 

220 . The Potentials of a Three-phase Transmission 
System. —Before going on to discuss the subject of earthing, the 
potential relations to earth will be considered of a three-phase 
system on which no deliberate earthing has taken place. 

On a three-phase system with solidly-earthed neutral the 
potential difference between any conductor and earth is equal to 

the phase-to-phase voltage divided 
by x/3. On the other hand, if 
the neutral is not earthed, the 
position of the earth-potential 
point is unstable, and varies with 
the relative condition of the in¬ 
sulation on the three phases. Its 
position also depends on the 
magnitude of the capacitance 
current of the system. A simple 
means of determining the poten¬ 
tial of such a system has been 
given by Field. 

First of all consider the case of a non-earthed single-phase 
system whose voltage is represented by the rotation of the 
vector in Fig. 156. If the pole A be connected to earth the 
diagi'am may be considered as rotating round the point A as 
centre. Similarly, if the pole B is earthed instead of A, the 
vector would rotate round B as centre. If, however, the sole 
connections of A and B to earth are by the leakage conductances 



Fig. 156.—Single-phase system with 
leakage and capacitance. 
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of the insulation, the point at earth potential will be in some 
position between A and B, depending on the relative magnitude 
of these leakage conductances. 

Assume now that there is a susceptance to earth of B farads 
in connection with pole A, and a path to earth of conductance G 
mhos in connection with pole B. The current to earth through 
the susceptance at A will be 90 degrees ahead of the pressure 
producing it, whereas the current through the conductance at B 
will be in phase with the pressure. The position of the zero- 
potential point must be such that these two currents are equal 
and opposite at every instant. It will be found that the locus of 
the zero-potential point is a semicircle described upon the line AB 
as diameter, as shown in Fig. 156. 

The diagram will then rotate round a point P as centre, where 
PA represents in phase and magnitude the pressure acting on the 
susceptance between pole A and earth. This will produce a 
current 90 degrees in advance of the pressure in the direction 
PB' and of amount B x PA amperes. On the other hand, the 
vector PB represents in phase and magnitude the pressure acting 
upon the conductance G and producing in it the current G x PB 
amperes in the direction PB. 

The condition that P is at earth potential is tliat tliese 
currents are equal and opposite, that is 

B X PA ^ G X PB 
PA G 

or == 

PB B 

If a perpendicular PC is dropped from the point P the follow¬ 
ing geometrical relations are obtained: 

^ ^ PA ^ ^ /(?\2 
OB ” pp2"" \5y • 

The combined effect of capacitance and leakage in the case of a 
three-phase system may now be considered. Taking first the effect 
of leakage, a point P' can be found on the diagi’am of Fig. 157 
which will represent the position of earth potential due to this 
cause. It can be readily shown that the position of P' is the same 
as the centre of gravity of three masses placed at P, and (7, and 
proportional to the conductances of the leakage paths to earth from 
these respective phases. 
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For example, assume that the system comprises a transformer 
and overhead line, tJie leakage coiiductances of each phase of the 
complete sj^stem bein|^ 

Phase A = 2 x 10“'^ mhos, 

B = 4 X 10 “ mhos, 

C = 6 X 10 ~ ^ mhos, 

and the sum of the conductances G' thus beirn^ 12 x 10 mhos. 

Neglecting capacitance currents, the currents from A and B 
alone would be equal if the line AB revolved round the point JO, 
the lengths BD and AD being such that 4tBD == 2A D. The total 



PiQ. 167.—Effect of leakage and capacitance currents on a throe-phase system, 

leakage path from A and B may now be considered as concentrated 
at D, and as in this particular instance the leakage conductance 
from C has an equal value, the point P' midway along the line CD 
will represent the point at earth potential. 

The effect of capacitance currents must now be taken into account. 
The same value of susceptance usually applies to each conductor 
owing to the practice of transposing any unsymmetrical circuits. 
Hence capacitance ejects can be taken into consideration by 
assuming a susceptance equal to three times the conductor suscept¬ 
ance connected at 0, the central point of the diagram. The total 
conductance of the leakage paths may similai ly be considered as 
concentrated at the point P'. 
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Upon OF describe a semicircle and divide OP' at a point C 
such that 

OF ^ /F y 
UF ■ 

From the point C draw a perpendicular to meet the semicircle 
at the point P. The point P will then be the zero-potential point 
in the diagram. 

It is important to note the considerable stability given to 
the neutral point of a three-phase transmission system by the 
capacitance currents flowing in the conductors. 

221 . Earthed Isolated Neutrals. —The conditions 

arising out of operation with earthed or isolated neutrals have to 
be borne in mind when installing all protective devices, wlietlier 
for the prevention of dangeioiis currents, or potentials. There lias 
been for many years a divergence of opinion on the subject, but 
modem practice strongly inclines towards earthing for the follow¬ 
ing reasons:— 

1. On a solidly-earthed system, the voltage to earth at all 
points is definitely limited to the star voltage of the system. This 
often permits of considerable economies in the matter of insulation. 
For example, transformers for the highest voltages can be built 
with the neutral connected directly to the core, and only one high- 
tension bushing. Such a transformer would be insulated for 273 
times the star voltage, instead of 3*46 times, wliich is standard for 
transformers with isolated neutral. 

2. All trouble duo to arcing grounds or static pressure rises is 
eliminated. 

3. Many of the most impoi’tant relay protective devices and 
lightning-arrestor equipments can only operate to full advantage if 
the neutral is earthed. 

The chief argument in favour of the isolated neutral is the 
jx>ssibiliiy of maintaining continuity of service in case one phase 
becomes earthed until it is convenient to divsconnect and repair the 
faulty lino. This has been done in the early days of power trans¬ 
mission, when mileage was small and voltage low. With the more 
extensive systems of the present day this method of operation is 
impracticable, owing to the fact that most earths are not of a solid 
nature but are accompanied with severe arcing. Thus, not only 
are the unearthed conductors subject to a pressure to earth equal 
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to ^3 times the normal value, but high-frequency disturbances are 
set up which place the whole system under severe strain, and often 
result in breakdown of apparatus at different points of the system. 

In the case of an earthed-neutral system, there will occur 
practically as many primary line failures, such as breakdown of 
insulators or other apparatus, but as soon as one phase becomes 
earthed a short-circuit is produced on one leg of the earthed-neutral 
transformer. The current in this short-circuit flows over definite 
and known paths which renders possible the use of automatic 
protective devices to disconnect the faulty line. The selective 
action of relay apparatus is thus made more positive, and second¬ 
ary breakdowns due to pressure rises are almost unknown. 
Furthermore, as most systems feed their important stations by 
more than one circuit, the loss of a line due to trouble does not 
necessarily involve any stoppage of the supply. 

The trend of opinion is clearly evidenced by the result of an 
inquiry held by a Sub-committee of the American Institute of 
Electrical Engineers on the conditions prevailing in that country.^* 
Out of 235 systems operating at pressures between 11 and 220 kV., 
and representing a total mileage of 56 860, from which replies were 
received, it was found that a mileage of 51 550 or 91 % was 
earthed either solidly or through an impedance. 

As regards methods of earthing, this is usually done at the 
sending station, a neutral point on the high-voltage circuit being 
obtained by using delta-star raising transformers. Where solid 
earthing is resorted to, transformer neutrals at the receiving 
stations or substations are often earthed as well. The only 
difficulty introduced by having several earths on one network is 
in the calculation of the short-circuit current. Such calculations 
are comparatively simple with only one neutral earthed, but where 
several are involved each contributes to the earth current, the 
amount and direction depending upon the location of these earth 
points. It is thus sometimes very difficult to predetermine the 
earth current with sufficient definiteness as to allow of accurate 
selection and adjustment of protective relays. 

The question of the desirability of limiting the earth current 
in transmission systems is one on which opinion varies. There is 
little doubt that the greatest protection from liigh-voltage strain 
comes from the use of a solidly-earthed neutral, and this is also 
the best arrangement from the point of view of relay protection. 
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Providing, then, that the terminal apparatus is designed to with- 
stand the magnetic and thermal effects of absolute short-circuit 
currents for the time necessary for the relays to clear the circuit, 
no disadvantage is entailed by earthing solidly. This is also the 
more popular method, as is shown by the fact that of the 56 860 
miles of line reported upon in the above inquiry, 42 300 miles or 
75 7o of the total mileage was dead-earthed. 

In cases where from one reason or another'a current-limiting 
resistance between neutral and earth is requisite, this should be 
of comparatively low value. The maximum voltage which such 
a resistance would be called upon to bear is the voltage to neutral 
of the system, and the maximum current to be passed is that re¬ 
quired to operate the circuit-breaker on the heaviest line. It is 
obvious that this current will be much heavier if the lines are only 
protected with overload devices and not leakage or balanced pro¬ 
tective gear. Even if the latter be used, however, overload 
protection will in most cases be used as well so that the earthing 
resistance should in all cases, if possible, be of capacity enough to 
carry for the requisite time the current necessary to trip the over¬ 
load gear on the heaviest line. 

Earthing resistances are usually built up of cast-iron grids, 
and must be insulated for the voltage to neutral excepting only at 
the end where they are permanently connected to earth. Their 
time rating at maximum current usually varies between 30 to 60 
seconds, during which interval their temperature rise may be 
about 400 degrees C. When used on high-voltage systems they 
are very expensive, and take up a large amount of room. They 
are also liable to be burnt out in service. 

Another type of earthing resistance is the Brazil carbon-powder, 
or, in its later form, the carbon-slab resistance. Cast-iron grids 
increase in resistance with temperature, but the carbon type 
possesses a negative temperature coefficient, so that when red-hot 
the resistance is only a small fraction of its cold value. It is thus 
possible to arrange the initial resistance to be much higher than 
with other types of apparatus. If the fault current which first 
passes is not sufficient to open the circuit-breakers it continues to 
flow until, the resistance having gone down, the current has in¬ 
creased by the required amount. The shock to the system due to 
a fault is thus considerably minimised. 

Earth connections used in transmission work fall into two 
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categories: those used solely for lightning arrestors, and those 
used in conjunction with relay protective apparatus. In the case 
of the former, the ohmic value of the earth connection itself is not 
particularly important. Fifteen or twenty ohms is probably good 
enough, since it is usually in series with protective resistances of 
relatively much greater value, and when called into action there 
will be an extremely high potential impressed across the combina¬ 
tion. On the other hand, the earth contact resistance for relay 
protection must be as low and as constant as possible, since the 
series resistance is relatively small or non-existent, and the close 
setting of relays depends on an accurate knowledge of the circuit 
conditions as a whole. 
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CHAPTER XV. 


POWER LIMITS OF TRANSMISSION SYSTEMS. 


222. Power Limits of Short Lines —With constant voltage 
Es at tlie sending end of a transmission line, there is a physical 
limit to the amount of power that can be transmitted. For example 
let represent the impedance of an inductive load of constant power 
factor cos </)r. As is gradually reduced in magnitude the current 
I in the system continuously increases, and the receiving-end vol¬ 
tage Er continuously diminishes, so that at one particular value of 
Z^ the power Etl cos (fir in the receiving-end circuit is a maximum 
for the value of cos under consideration. Variations in the 
value of cos (f^r affect the amount of power that can be transmitted, 
and the absolute power limit of the line is reached when cos (f>r has 
such a value that the power factor cos (f>s at the sending end is equal 
to unity. 

Formula0 for the calculation of power limits in various cases can 
easily be derived. 

Let the line impedance 

Z = R -h jX ohms, 

and the load of power factor cos (fir be represented by the impedance 

Z^ = + jXj 

R^ + jRi tan (f>f ohms. 

Then the current in the circuit 


7 - _ ^ ('284') 

{R + Ri)" (A + R^ tan 0r)“ 

and the power delivered at the receiving end of the line is 

PR, 


P - 


1 000 




l OOOiiR + U + R, tau>01 '''''' 
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If is varied, all the other factors being kept constant, the 
maximum power delivered is found from 

dP ^ ^ ^ __\ 

dR^ dR\\ 000|(/2 + R^f -f (X + R^ tan <\>fY\) 

Es^{{R 4- Ri)' + (^ 4“ Ri tan (j)ry ~ 2(jR 4* Ri)Ri — 2 tan 4“ Ri ta n <j)^Ri] 
1 000{(B +' Til)- 4- (1“+ Ritaj)~^^ " 

hence 

(J? 4* Ri)" 4“ (X 4“ Ri tan <f>ry 2(R 4* Ri)Ri 4* 2 tan (l>r{X 4“ Ri tan <j>r) Ri 
from which 

- Ri^ 4- - U,2 tan2 = 0 

and 

^ (1 + tan2 ^ (236) 

so that 

. . . . (237) 


i.e, at maximum output the impedance of the line is equal to the 
impedance of the load, or in other words, the receiving-end voltage 
and the impedance drop in the line are numerically equal. 

To investigate the effect of varying the receiving-end power 
factor cos <f)r, it should be noted from (236) that 


R, = 


Z 

Vl + tan* 


. (238) 


and substituting this value of in (235) gives 


■Finax =---y - --kW. per phase. (239) 

2 000|2v/l+tan*.^, + (R + Ztan<^,)} ^ ^ ^ ’ 

The corresponding value of receiving-end voltage is 

Er = IZ, = IZ, 

and substituting for I from (234) 

Er 


ErZ 


sA-f* Rj)* -f" (A + R| tan (^r)^ 
whence by substitution for Rj from (238) 

E,Z 


Er = - 


V(^+ 


s/l + tan* <^. 

EsZ 


r.) ^ ( 


^ ^ Z tan ^r ^ * 


V'l + tan* 


<*,/ 


^2Z(Z -H 


R -Y- X tan if>r 


s/l+ tan* (f>r 


>r / 
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or at maximum power output the ratio of voltages is 

K _1_ 

/c./. ■ R + Xt&n<f>r\' 


> \ Zs/l + tan* 

The following cases are of interast:— 

1. Load Non-inductive .—In this case tan (pr = 0, and sub¬ 
stituting in (239) givas 

“ 2 <m§+ W 

The ratio of voltages from (240) is 

and the efficiency of transmission Is 

^ “ RTITR “ JT'R- ■ ■ • 

2. Load Non-inductive and Line Non-inductive .—In this 
case Z ^ Ry and substituting in (241) givas tlie maximum power 
output as 


4mR kW. iK,r phase, 


and from (242) and (248) it is seen that Er 


the efficiency of 


transmission being 50 per cent. 

3. Regulated Line .—In this case, by adjustment of syiichronous 
phase modifiers installed at the receiving end of the line, the receiv¬ 
ing-end power factor cos <pr may be given any desired value. The 
absolute power limit of the line is then found by differentiating 
equation (239) in respect of tan <f>r as 


max 

(2 tan <f)r 


d r_ ^ __ n 

d tan iPrl2 000{2vTTTa7^^ + (iJ + X tan </i,)}J 
Es^Z tan 1^,(1 -h tan^ <^r)+ X\ 

’ 2 000{Wl + tan* -f (JS -f- Z tan 

Z tan <f>r ^ X 

v^l + tan* (pr 

tan (Pr — — 


and 
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but by assumption tan <f)r 

so that ^ 

Since the condition that Z must also be satisfied, 

= R and Xj = - X, 

or the absolute power limit of the line is reached when the resist¬ 
ance of the line and receiving-end circuit are equal, and the induc¬ 
tive reactance of the line also equals in magnitude the condensive 
reactance of the receiving-end circuit. 

The value of this maximum output is obtained by substitution 
in (239) as 



and the efl&ciency of transmission is again 50 per cent, as in the 

E 

preceding case. J&r, however, does not now equal -g*, but is found 
by substituting in (240) as 

.( 245 ) 

223 . Power Limits of Long^ Lines.—Analogous formulas to 
the above can be derived in the case of long lines, but it is usually 
more convenient to solve problems graphically by means of the 
power circle diagram introduced in Art. 105. With this diagram 
a whole range of results showing the effect of varying the sending- 
or receiving-end voltages, the influence of synchronous phase modi¬ 
fiers of varying capacities, etc., may be obtained with a fraction of 
the labour involved in analytical solutions. 

The co-ordinates of the centres of receiving-end power circles 
are a and 6 , and the radius is c where 


1 00052 

^Er\A^B^ - Agfii) 

1 00052 

35r5s 

1 0005’ 


€ =» 
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these formulsB, as before, being specially adapted to a three-phase 
system as they show the relation between the total reactive and 
active power at the receiving end of the line. The centres of 
the circles are in the second quadrant of the diagram, and lie on 
a straight line drawn from the origin and making an angle 

tan“^ with the vertical axis. 

- AgBi 


It is readily seen that if the receiving-end voltage is main¬ 
tained constant, the position of the centres is fixed, and a family of 
concentric circles can be drawn about this point, each of which will 
represent a definite value of the sending-end voltage JSi. 

On the other hand, if the sending-end voltage is constant, and 
the receiving-end voltage variable, the position of* the centres is not 
fixed but depends on the chosen value of the receiving-end voltage. 
Keeping the sending-end voltage constant, and assuming various 
E 

ratios of such as 1*0, 0*9, 0*8, etc., a family of circles can be 

drawn as shown in Fig. 158, the distance of the various centres 
from the origin being proportional to Er^. 

A variable inductive load of constant power factor cos can 
be represented by a straight line in the fourth quadrant of the 
diagram, such line being drawn from the origin at an angle <pr with 
the horizontal axis. Hence the maximum power transmitted at 
this particular power factor by a non-regulated line is given by the 
intersection of the load line with the envelope to the power circles, 
this envelope being shown by the thick line in Fig. 158. 

In the case of a regulated line, providing that sufficient syn¬ 
chronous phase modifier capacity is present, the output at any par¬ 
ticular value of receiving-end voltage may be increased until it 
corresponds to the point of tangency of the power circle with a line 
parallel to the vertical axis of the diagram. A curve joining these 
various points of tangency is thus the locus of the maximum loads 
which can be transmitted at the various receiving-end voltages, this 
curve being shown dotted in Fig. 158. At any particular value of 
receiving-end voltage Er the maximum output is 


= c 


+ a 

SEr 


1 000 B[ 


fss - 


B 


kW. 


(246) 
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When the absolute power limit of the line is reached 

dPmax d\ 3Er ( Er(A^B^ + A.B,)) ] 

dE, “ ^ dErll 00051 ’ B /_ 

= Ip 2g,(A,5i + 

1 00051 ‘ 5 / 


from which 


^ 25,(A,5, + A,5,01 

E, --g-j 

EsB 

2(A,5, + Aj5J • 


. (247) 



Fio. 158.—Beoeiving-end power oiioles (Et oonetant, Br variaUe). 
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and the power output is obtained by substitution in (246) as 

^ ( Es^ \ 

“ 1 000l2(A,5, -f A A) 4(A,5i + 

„_ ^ _ ('248) 

4 000(Aifi, + .^ ^ 

It is interesting to compare equations (247) and (248) with the 
corresponding equations for the short line, derived earlier in the 
chapter. 

224, General Circuit Constants. —In the determination of 
power limits it is often necessary to take into account the effect of 
sending- and receiving-end transformers, that is, to calculate the 
performance of the system between the generator busbars and the 
low-tension busbars of the receiving-end station. Several more or 
less approximate ways of doing this have been put forward, but 
undoubtedly the best method, as suggested by Evans and Sels,' is 
to utilise what are known as general circuit constants. Having 
found the values of these constants for the composite circuit of 
line and transformers, analytical or graphical solutions can be made 
with the same facility as those for the line itself. 

In any complicated network of circuits containing but one source 
of power, the voltage and current at any given point can always be 
expressed as a linear function of the voltage and current at any 
other point, provided that the various impedances and admittances 
forming the network have definite fixed values. Thus if Et and /, 
are respectively the voltage and current at the sending end of the 
network, and Er and If the corresponding quantities at the receiving 
end, the following equations can be written— 

Es - ErA^ + IrB^, . . . (249) 

7, - IrD, + E^C,, . . . (250) 

Aqj jBo, Co, and Dq, the general circuit constants of the network, are 
complex quantities whose values depend on the particular arrange¬ 
ment of the circuits. In all cases, however, 

A,D, - B,G, = 1, . . . (251) 

and making use of this relationship the receiving-end voltage and 
current can be expressed in terms of the sending-end quantities as 

E. « EsD, - . . . (252) 

I - IsA, - EsC,. . . , (253) 
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To obtain expressions for S®, (7o» ^o» *he values of the 

general circuit constants A, B, C, and D for each element of the 
complete network is first written down, and these are then com¬ 
bined by means of simple lules to be derived later. In the follow¬ 
ing, the values of these general circuit constants will be determined 
for some of the elements into which a transmission system can bo 
divided. 

1 . Lumped Impedance .—For the lumped impedance (Fig. 
159 (a)), the following equations evidently hold:— 

E% = Er •+• 

h = 4. 

llenco for this circuit 

B (7=0 Z)=l. . (254) 

I.S Ir 



(a) (6) 

Fig. 159.—Lumped impedance and admittance. 


2. Lumped AdmittaTice .—For the lumped admittance (Fig. 
159 (bj) the following equations can be written:— 

Es = Er, 

Ir+ ErV, 

from which 

A=1 jB=0 (7=F i)=l. . (255) 


3. The Transformer .—As previously shown, the equivalent 
network of a transformer is a T circuit. The impedances of the 
two arms are equal to the separate impedances of the two windings, 
but in the absence of evidence to the contrary these are taken to be 
equal when referred to the same side. Hence if Zt is the impedance 


2 ^ 

of the transformer, the impedance of each arm of the T is ^ 


shown in Fig. 160. The admittance Yt of the transformer is not, 
strictly speaking, a constant, as, due to saturation of the core, the 
value of Yt depends to some extent on the impressed voltage. 
However, the effect of such changes on the general performance of 
the transformer is insignificant, and Yt can be taken to be fixed and 
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equal in value to the apparent open-circuit admittance of the trans¬ 
former at rated impressed voltage. 

Considering then the T circuit (Fig. 160), the following rela¬ 
tions hold:— 



(a) (6) 


Pig. 161.—Transformers represented by cantilever circuits. 

Sometimes it is more convenient to represent the transformer by 
a cantilever circuit, i.e. the admittance Yt is assumed to be con¬ 
nected at one of the terminals as shown in Fig. 161. 

In the case where the admittance is at the sending end of the 
circuit (Fig. 161 (a)), the following equations can be written:— 

Es ^ Ef + IfZti 

Is = Ir{l + ZtYt) + ErY, 
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hence 


A = 1 B = Zt 

G Yt i) = 1 4 ZtYt. 



Wlieii tlie Hdiiiittance Yt is connected at the receiving end of the 
circuit (Fig. 161 (6)), tlic following relations hold:— 


Es = Er{\ + ZtYt) IrZu 
+ ErYu 

from which 

^ = 1 + ZtYt B = Zt 

a == Yt /> = 1 


(258) 


4. Long Transmission Line .—The general circuit constants 
(previously nderiv^d to as auxiliary constants) of a long transmis¬ 
sion line were (lerive<l in Chapter V. They are 


A = cosh ^ZY 
C = sinh ^ZY 


B = ^^.sinli 
D = cosh J~Z Y. 


(259) 


It will be noticed that the constants A and D are equal, which is 
the case with all symmetrical circuits. 

225. Networks in Series. —Any number of networks con¬ 
nected in series may bo represented by a single set of general 
circuit constants between any two points, provided that power is 
supplied or received at these points only. 


Ar, ^ D(x 


Ap Bp Cp Dp 


-i- 

Er, 


AyByCyDy 


ii. 

Er 


Fig. lG‘i,—NetworJ^s in serie.s. 


1 . Three Networks in Series. —Fip. 162 shows the case of throe 
imtworks in series, anil tlu; following equations can be immediately 
wi'itten down: — 


Ks = E,„jL + /.»«„ . . (260) 

/s = /„./)„ » . . . (261) 

E,n - EA,i I- /,./.V . . (262) 

/,„ I E,y» . . (263) 

En -- AV.I, s /./.*, . (264) 

/„ = + ErVy. . . (265) 
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Substituting equations (264) and (265) in equations (262) and 
(263) gives 

Em — Eri^A^Ay + R^Cy) + If(AfiBy + B^Dy) , (266) 

Im « Ir(Gf,By + Df^Dy) + Er{Gf,Ay + Df,Gy). . (267) 

Substituting equations (266) and (267) in equations (260) and 
(261) and collecting terms gives 

Es == Er{Aa{AfiAy + BfiGy) + Ba^G^Ay + D^Gy)} 

+ Tr{Aa(^AfiBy + B^Dy) + Ba(G^By + BfiDy^} (268) 
Is ~ Ir{Gj^A^By + B^Dy') -I- Da{GfiBy + 2)^Z)y)} 

+ Er{GJiAf,Ay + Bf^Gy) + DJiGf,Ay + Df,Gy)l (269) 

Hence the general circuit constants of three networks in series are 
Aq =» AJ^A^Ay + B^Gy) + BJJJ^Ay + D^G^ 

-Bo = Aa{A^By + B^Dy) + Bai^G^By + D^Dy) 

G, = G,(Ai,Ay + B^Gy) + DJiGf^Ay + Df,Gy) ^ 

-Do Ga{Ap,By + B^Dy) -f Da{GpBy + BpDy) 

2 . Two Networks in Series. —The general circuit constants for 
two networks in series may be similarly obtained, or they may be 
derived from the above expressions by supposing that the imped¬ 
ances and admittances of one of the networks in Fig. 162 are re¬ 
duced to zero, in which case the limiting value of its general circuit 
constants are A = i) = 1 and B = G - 0. Assuming then that 
network 7 vanishes, and substituting these values for Ay, J5y, Gy, 
and Dy in equations (270), the general circuit constants for two 
networks in series are found to be 

Aq =» A.A^ 4 * BJJfi 

Bq — AaBp + BaDfi 
Gq = GaAp + DaGfi 
-Dq = GJB^ + 

226. General Circuit Constants for Composite Transmis¬ 
sion Circuit. —The values of the general circuit constants will 
now be determined for the combination of line with both sending- 
and receiving-end transformers, and also line with transformers at 
one end only. The exact expressions for the constants, employing 
the equivalent T circuits for the transformers, have been worked 
out by Evans and Sels and are given in the paper previously re¬ 
ferred to.^ Unfortunately, they are rather complicated, and in 
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practice it is better to represent the transformers by means of can¬ 
tilever circuits. The errors introduced by the use of these can¬ 
tilever circuits are insignificant, but the calculation of tlie general 
circuit constants is greatly simplified. 

1 . Transmiaaion Line with Sending- and ReceiviTig-end 
Tranaformera. —Fig. 163 shows the composite circuit, and substitut¬ 
ing from (257) and (258) in the general formulas for the combina¬ 
tion of three networks in series, and remembering that for the line, 
A « D, the general circuit constants are obtained as 

Ao = A(1 + ZtrYtr + ZtsYtr) + BYtr + GZts{l + ZtrYtr) ^ 

Bq = A(JZts + Ztr) + -B + QZtiZtr 

Oo = 4{F,.(1 + ZtrYtr) + Ytr(l + ZuYt,)\ + BY^Ytr K272) 

+ (7(1 + ZuYt,)(l + ZtrYtr) 

Dq = ^(1 ^ ZttYis + ZtrYts) + SYts + CZir(i + ZtsYts). 



Fig. 163.—Composite circuit of transmission line with sending- and 
receiving-end transformers. 


If the sending- and receiving-end transformers are identical, 
Zts = Ztr, and Yts ^ Ytr, and the general circuit constants simplify to 
A, = A(1 + 2ZtYt) + BYt + GZt{\ + ZtYt) 

Bo = ^AZt + B + GZt^ 

G, = 2AYt{l + ZtYt) + BYt^ + (7(1 + ZtYt)^ 

Bo - A(1 4 2ZtYt) f BYt + GZt{\ + ZtYt). 

2. Tranamiaaion Line with Sending-end Tranaformera .— 
By substituting from (257) in the formulas for the combination of 
two networks in series, or perhaps more readily by assuming that 
Ztr and Ytr in expressions (272) are equal to zero, the general cir¬ 
cuit constants are obtained as 



Aq a + GZt 
Bq =» AZt + B 
G, - AYt + (7(1 + ZtYt) 
Bo - A(1 + ZtYt) + BYt 
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3. Transmission Line with Receiving-end Transformers ,— 
By an analogous process to the preceding case the general circuit 
constants are found to be 

A, = A{1 + ZtY,) + BYt 

B, = AZt + B 

Co - AYt + 0(1 + ZtY,) 

-Dq — a CZt. 

227 . Numerical Example. —In order to illustrate the use of 
the formulae derived in the preceding ai'ticles, the following prob¬ 
lem will be taken:— 

Problem 12 .—A 300-mile transmission line with raising and 
lowering transformers is operated on the constant-voltage system, 
the voltage on the low-tension side of the transformers at both ends 
being held constant at 154 000 referred to the high-tension circuit. 
Determine the maximum load at 80 per cent, power factor lagging 
that can be transmitted, the synchronous phase modifier installa¬ 
tion having a total capacity of 40 000 kVA. The following data 
are given:— 

Line, 

R = 52*5 ohms. 

X = 188*4 ohms. 

C = 0. 

B — 0*001411 mhos. 

Transformers. 

Sending-end transformers 11 000/154 000 volts and receiving- 
end transforaiers 154 000/33 000 volts are identical 

Total installation at each end = 50 000 kVA. 

Resistance =0*5 per cent. 

Reactance =10 per cent. 

Iron loss = 0*6 per cent. 

Copper loss = 0*5 per cent. 

Exciting current = 5 per cent. 

Fii*st of all the auxiliary constants of the line are calculated 
by one of the standard methods, their values being 
A = 0 * 869780 + 0 * 035418j. 

B = 47* 9370 + 180* 786;. 

C - - 0 * 000017 + 0 * 001349;. 
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The transformer constants are then determined as follows:— 


Es ^ Er ^ 88 912 volts. 

Capacity = 16 667 kVA. per phase. 


I = = 187-45 amperes. 


Rt = 


88 912 

O^OO^x ^91^ 
187-45 


= 2- 3716 ohms. 


„ 0-1 X 88 912 _ , 

Xt = — . V, -— =47- 432 ohms. 


Gt = 

Yt = 


187-45 

0- 006 X 16 667 x 1 000 
(88 912)‘-‘ 

0-05 X 16 667 X 1 000 


= 1-2650x10-* mhos. 


(88 912 )-' 


- = 10- 541 X 10 - * mhos. 


Bt = x/('lO- 541)=* - (1- 2650)' X 10-* = 10- 465 x 10"* mhos. 
Zt = Rt ■¥ jX, = 2- 3716 + 47- 432j ohms. 

Yt = Gt - jB, = (1- 2650 - 10- 465i) 10 -* mhos. 

Z,^ = (2- 3716 + 47- 432j)' 

= - 2 244-2 + 224-98j. 

FC = (1- 2650 - 10- 465j)* x 10 " 

= (- 107-92 - 26- 476;) 10 -'<• 

ZtY^t = (2- 3716 + 47- 432;X1- 2650 - 10- 465;) 10“* 

= (499- 39 + 35- 181;) 10“* 

1 +ir,F, = 1- 004994 + 0- 0003518;. 

1 +2^,F,= 1- 009988 + 0- 0007036;. 


Tlie general circuit constants for the composite circuit of line 
and transformers can now be calculated from expressions (273) as 


— -doi + jX(,2 

= 4(1 + 2Z,Yt) + BY, + GZi\ + Z,Y,) 

= (0- 869780 + 0- 035418;X1- 009988 + 0- 0007036;) 

+ (47- 9370 + 180- 786;X1- 2650 - 10- 4G5;) 

+ ( - 0- 000017 + 0- 001349;X2- 3716 + 47- 432;) 
(1- 004994 + 0- 0003518;') 

= 0- 83362 + 0- 036036;. 
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•Bq ~ Bqi + jBQ2 

= 2AZt + £ + CZt^ 

= 2(0- 869780 + O' 035418jX2- 3716 + 47' 432j) 

+ 47- 9370 + 180- 786j +( - O’ 000017 + 0- 001349j) 

( - 2 244-2 + 224-98y) 

- 48- 437 + 260-43j. 

C'o = C^oi + 

= 2^FX1 + ZtYt) + BYt^ + (7(1 + ZtY,f 
= 2(0- 869780 + 0- 035418yXl- 2650 - 10- 465»10 - ^ 

(1- 004994 + 0- 0003518y)+ (47- 9370 + 180- 786j) 

( -107-92-26- 476;)10-'» + (-0- 000017 + 0-001349;) 
(1- 004-994 + 0- 0003518;)= 

= 0- 0000114 + 0- 001178;. 

D(t ~ Bqi + ;-®02 “ -^0 

= 0- 83362 + 0- 036036;, 

and these values should be checked by means of the relation 

= 1 . 

The co-ordinates and radius of the receiving-end power circle 
are now found to be 

3Er\Afji£oi + Aq^Bi)^^ 

i“wo:bo= 

3(88 912)*(0-83362 x 48- 437 + 0- 036036 x 260 43) 
1 000{('48- 437)-= + (26F43fy 

- 16 818. 

3^»'*(.Aqj.Bq 2 -- •^02-®0l) 

1 000 

3(88 912)=(0- 83362 x 260 43 + 0- 036036 x 48- 437) 

1 000{(48- 437)= + (260-43)=} 

72 108. 

_ 3(88 912)= 

1 000^^(48- 437)* + (260-43)= 

89 528, 



and Fig. 164 drawn from these data is the receiving-end power 
circle diagram for the composite circuit The load line can now 
be drawn in the fourth quadrant of the diagram, making an angle 
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cos""^ 0‘8 with the horizontal axis. To determine the ma:^imum 
load that can be transmitted under the given conditions, measure 
from the origin upwards on the vertical axis a distance represent¬ 
ing the 40 000 kVA of the synchronous phase modifiers, and draw 
from this point a line (shown dotted in Fig. 164) parallel to the 



Fio« 164.—Heoeivisg-end power circle diagram (Problem 12). 

load line. The intersection of this dotted line with the power 
circle determines the maximum load that can be transmitted, and 
this is read off from the diagram as 44 300 kW. 

228 . Stability.—The various diagrams and formulse derived 
above give correct results for the conditions assumed, viz. constant 
terminal voltages, dead loads, etc. It should be clearly realised, 
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however, that these are ideal conditions, and a complete study of 
the problem must take into account not only tlie characteristics of 
^Ae Jine and transformers, but aJso thosa of the rotating plant 
forming part of the system. The limits of output previously dis¬ 
cussed are thus conventional values which, although of great 
utility particularly in comparative work, are rather greater than 
the actual limits of the system. 

This leads to a conception of stability which may be defined 
briefly as the capacity of a system to respond to power demands 
upon it. Attempts to put too great a load on a system lead to 
loss of synchronism between the two ends although the actual value 
of the load at which breakdown occurs varies with circumstances. 
If the load is applied gradually, loss of synchronism occurs when 
the steady-state stability limit is reached, and, providing that suffi¬ 
cient synchronous phase modifier capacity is available, the power 
limit of the system may be closely approached. If the load is 
thrown on suddenly, due to a short-circuit or switching operation, 
the system breaks down at a lower value, the transient-state stabil¬ 
ity limit. This latter term, however, has a rather indefinite value 
depending on the magnitude and rate of application of the load and 
the previous circuit conditions. 

The performance of a transmission line is analogous to that of 
a synchronous motor. When such a machine is loaded its rotor 
drops back in phase position, and the phase difleivnce between the 
excitation voltage and the voltage impressed on the motor is in¬ 
creased, stability of operation being secured when an increase in 
the phase-angle results in an increase of torque. At a certain 
maximum load, defined by the condition that the phase-angle = tan“^ 

^sistance’ machine falls out of step. Similarly, as shown by 

Shand,- the phase difference between the receiving- and sending- 
end voltages of a transmission circuit increases until the power 
limit is reached, which occui's when the angle of phase differ- 

A a 

ejico - tan“^ tan"^ ^ in the case of a long-distance line). 

Efforts to increase the load past this point lead to breakdown of 
the system. 

Very intimately bound up with the (luestion of stability is that 
of voltage regulation. Consider, for instance, the case of a gener¬ 
ator supplying a synchronous motor over a long lino. If additional 
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load is suddenly thrown on, its first effect is to slow down the motof 
momentarily, making the load-end voltage lag behind the generator 
voltage by an additional amount. If the increased lag is sufficient 
to carry the macliine past its pull-out angle loss of synchronism 
occurs and the motor comes to rest. While the machine is drifting 
out of step, however, the generator voltage, which has dropped 
temporarily, is being rapidly restored to normal by the action of the 
automatic voltage regulators, and providing that sufficient addi¬ 
tional power can be supplied from the generator end, the motor re¬ 
accelerates before the danger point is reached. The rotor of the 
machine then oscillates about its position of kinetic equilibrium, 
but these oscillations are rapidly damped out by the action of the 
amortisseur winding. Before the voltage regulators can exert their 
full effect a short but definite time interval is necessary, this slug¬ 
gishness of action being due, not so much to the operation of the 
regulators themselves, as to the time constants of the field wind¬ 
ings of generator and exciter. On the other hand, following a 
short-circuit or sudden application of load, the voltage regulation of 
the generator is determined by its leakage reactance which is much 
smaller than its synchronous reactance. After the first instant of 
the transient, the reactance begins to build up to its steady state or 
synchronous value, but during this short space of time an oppor¬ 
tunity is afforded for the voltage regulators to make their presence 
felt. 

In the case of short lines the steady-state stability limit is not 
an important factor, because this limit is usually not approached 
except with prohibitively high values of line regulation and low 
transmission efficiencies. For instance, with a non-inductive load it 

E 

is seen from (242) that when giving maximum output the ratio 

As 

varies from 0*5 to 0* 707. Taking as a typical case Z ^ 2R the 

Er 

ratio -« = 0* 577, the line regulation being 73*2 per cent. The 

As 

transmission efficiency at this output is 66*7 per cent. There is, 
however, always the risk of instability being caused by transient 
disturbances, particularly on heavy power transmissions (where R 
is small in comparison with Z). Naturally, with short distances of 
transmission the characteristics of the terminal machinery assume 
greater importance than those of the line itself. 

In the case of long-distance lines circumstances are entirely 
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different. Higli voltages must be employed, and due to the neces¬ 
sarily wide spacing of the conductors the reactance is so great that 
synclironous phase modifiers are essential to maintain constant 
voltage, and to enable sufficient amounts of power to be transmitted. 
In order to be successful from a commercial point of view such 
lines must transmit very large blocks of power per circuit, which 
involves the use of heavy conductors. Now at wide spacings the 
reactance of the conductors is only slightly affected by their size, 
so that the power limit of the line—which is determined chiefly 
by the reactance—is not increased in proportion to the increased 
current-carrying capacity. An increase in the size of conductors 
by 100 per cent., for example, may only raise the power limit of 
the line by about 10 per cent. The result is that the stability limit 
of a long line may be reached with a load at which the transmis¬ 
sion efficiency is still of the order of 90 per cent. As a matter of 
fact, the peak load on some of the large American systems is so 
near to the stability limit that many instances have occurred of 
lines dropping their load, and this has focussed much attention on 
the subject in that country. A great deal of theoretical and ex¬ 
perimental work has been done in order to determine the best 
methods of operating existing systems, and to provide data for the 
design of the more extensive and higher-voltage systems that may 
be required in the future. 

Once a system has been designed for a certain voltage there are 
two general methods by which the stability limit may be increased. 
One is to decrease the reactance (or reactance drop) of the trans¬ 
mission circuit, and the other is to improve the means taken to 
maintain the terminal voltages of the circuit. Thus the reactance 
drop may be decreased by using a number of lines in parallel, 
installing low-reactance transformers, or operating at a lower fre¬ 
quency. The latter method, however, would usually involve the 
use of frequency changers at the sending and receiving ends and 
thus be rather costly. Another proposed solution is the periodic 
loading of the line with series condensers whose effect would be to 
neutralise the reactance more or less completely. This scheme also 
would be expensive and does not appear justifiable from an economic 
view, although it might be found advantageous with the advent of 
higher line pressures. As regards methods of improving the con¬ 
trol and maintenance of constant terminal voltages, this may be 
accomplished by the use of machines of lower leakage reactance 
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and generators have also been contemplated with which some form 
of rectifier could be used to rectify a portion of the main current 
and utilise it for assisting the excitation. The mast promising 
development, however, and one not requiring the use of generators 
of special design, is the introduction of high-speed excitation 8)r8tem8. 
In the case of extremely long lines the use of intermediate syn¬ 
chronous phase modifier stations would also increase the amount of 
power that could be transmitted. 

The above discussion is necessarily only a brief treatment of the 
subject, and must be regarded as being in the nature of an introduc¬ 
tion to the many original papers which have appeared in recent 
years. Some of the more important of these papers are noted 
below.^ 
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rigorous methods of calculation for, 
76, 86. 

voltage, regulation of, 448. 
with distributed electrical properties, 
69, 72. 

! Losses, dielectric, 212, 233. 
due to corona, 158, 166. 
effect of capacitance current on, 64, 
66, 295. 
hysteresis, 212. 
leakage, 77, 90, 212. 
load factor of, 280. 

Low-equivalent arrestor, 398. 

Luke, G. E., 291. 


Magnetic conductors, properties of, 
116. 

Maximum economy, law of, 280. 
Maxwell, J. C., 107. 

McAdlby, P. H., 873. 

McCoU protection, 326. 

Mechanical considerations affocting choice 
of conductors, 122, 291. 
design of line, 117,122. 
forces between conductors on short- 
circuit, 349. 

Merz-Hunter protection, 332. 

-Price protection, 332. 
Middle-condenser method of solution, 62, 
58. 

Mib, G., 247. 

Miniature power system, 363. 

Mixed sending- and receiving-end condi¬ 
tions, 43, 45. 

Moisture content of soil, 253. 

Morgan, P. D., 34. 

Morris, J. T., 201. 

Moscicki, j., 414. 

Moscicki condenser, 414. 

Multipie-gap arrestor, 396. 

M-PHASE system of transmission, 6. 
Nagel, R., 424. 

Natural impedance and admittance, 856. 
Nbsbit, W., 287. 

Networks, constants of, 438, 441. 

Neutral, earthing of, 319, 888, 412, 424. 

earthing reactor, 419. 

Nicholson, L. C., 133. 



456 


ELECTRIC POWER TRANSMISSION 


Nominal-T method of solution, 52, 58. 

-TT method of solution, 52, 55, 60. 
Non-sinusoidal sending-end voltage, effect 
of, 100. 

Numerical examples, 
corona, 154. 

economic problems, 284, 293. 
localised-capacitance solutions, 57. 
long line solutions, 78. 
mixed sending and receiving end 
conditions, 43. 
power limits, 444. 
resonance, 375. 
short line solutions, 40, 44. 
synchronous phase modifiers, 169. 
underground line problems, 236, 269. 

O’GORMW, M., 190, 

Ohm’s law for heat, 244. 

Oil-fillcd cables, 226. 

Oilostatic system of cable^, 229. 

Origin of prt'ssure rises, ‘J(»6. 

Oscillations, 141, -^58. 

Oscillograph, cathode ray, 367. 

Overhead versus underground lines, 6, 
181. 

Overload relays, 300, 309, 311, 317, 321. 
Oxide film arrestor, 409. 

PARALLEL lines, protection of, 311, 
315, 322. 

Peek, F. W., 134, 136, 142, 147, 151, 
152, 390. 

Performance of line, influence of capaci 
tancG current on, 66. I 

influence of frequency on, 80. { 

Permeability, 20, 115. ! 

Permittivity, 25, 188, 199, 203. 

Pernot, F. E., 100. 

Petersen, W., 419. 

Phase modifier, synchronous, 162. 

Philip, R. A., 176. 

Pm-type insulators, 126, 132. 

Poles (bce also Toweis), 
concrete, 120. 
steel, 120. 
wood, 119. 

Polyphase system of transmission, 5, 36. 
Porcelain insulators, 125. 

Posiuon angles, 92. 

Potential. (See Voltage.) 

Potential gradient. (See Electrostatic 
Stresses.) 

between parallel conductors, 23, 148. 
Potentials of transmission system, 424. 
Power circle diagram, 175, 435. 

Power factor, dielectric, 213. 

effect of, on copper efficiencies of 
system, 7. 


Power factor (conf.), 

effect of, on line performance, 35, 40, 
84, 86, 162. 

influence of synchronous phase modi¬ 
fiers on, 166. 

Power limits, 164, 432, 435. 

numerical example on, 444. 

Power transmission, types of, 1. 

system, typical alternating-current, 

3. 

systems, copper efficiencies of, 8, 11, 
15. 

Pressure cable, 229. 

Pressure drop in line, 35, 66. 

Pressure nses, 366. 

due to arcing grounds, 380. 
due to lightning, 368, 370. 
due to lesonance, 374. 
due to switching, 372. 
m transformers, 381. 
origin of, 366. 

Protection, 

Beaver test-sheath, 337. 
Callender-Hunter, 335. 
core-balance leakage, 319. 
distance, 331. 

Ferranti-Hawkins, 325. 
interlock, 831. 

McGoll, 325. 

Merz-Hunter, 332. 

I Merz Pnee, 322. 

of rsidial system, 309, 319. 
of ring system, 314, 319. 
overload, 306, 309, 311, 317, 319. 
parallel-line, 311, Slo, 322. 
reverse-power, 312, 315, 318. 
self compeusating pilot wire, 327. 
split pilot, 329. 
translay, 328. 

Protective apparatus against pressure 
rises, 388. 

ideal characteristics of, 336. 
Protective relays. (See Relays.) 
Proximity effect, 110, 234. 

Radial system of transmission, 309. 
Rayleigh, Lord, 107. 

Reactors, current-limiting, 166, 350, 351 
neutral-earthing, 419. 

Regulation of line, 35, 38, 66, 290. 
Regulators, voltage, 160, 163, 346, 449. 
Relays, 

biasing of, 317, 326. 
constructional details of, 303, 313. 
core-balance leakage, 319, 322. 
interlocking of, 315. 
overload, 306, 309, 311, 317, 319. 
reverse-power, 312, 315, 318. 
time-lags applied^to, 308. 
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Resistances, earthing, 421, 429. 
Resistivity, 188. 

Resonance, 374. 

Reverse-power relays, 312, 315, 318. 
Ring system of transmission, 314, 319. 
Robinson, D. M., 221. 

Robinson, L. N., 350. 

Russell, A., 204, 207, 209, 247. 


S.L.-TYPE cable, 223, 251. 

Sachetto, E., 249. 

Safety factors of insulators, 144. 

ScHURiG, O. R., 363. 

Screened or H-type cable, 221, 251. 
Self-compensating pilot wire protection, 
327. 

Sels, H*. K., 178, 380, 438. 

Series tripping of relays, 307, 308, 318. 
Setting factor of spark gaps, 402. 

Shand, E. B., 448. 

Sheath phenomena, 188, 235. i 

Shielding of suspension insulators, 137. 
Short-circuit of alternators, 338. 

-circuit currents, decrement factors 
for, 345. 

determination of, 342, 363. 
effects of, 348. 

Short line, 

circle diagram of, 178. 
effect of transformers on performance 
of, 48. 

methods of solution, 36, 43. 
numerical examples on, 40, 44. 
regulation of, 38, 66. 

Simons, D. M., 205, 247, 251. 
Single-phase system, 2, 8, 12, 15. 

Skin effect, 107, 115, 234, 

Slepian, J., 410. 

Smith, H. B., 140. 

Soil, thermal resistivity of, 253. 

Southern California Edison Co., 140. 
Spacing of conductors, 121. 

Span lengths, 122. 

Spark gaps, lightning arrestor, 400. 
Spirality effect, 104, 105, 110, 234. 
Split-condenser method of solution, 52, 
56, 60. 

-conductor protection, 382. 

-pilot protection, 329. 

Stability limit of cables, 218. 

of transmission lines, 447. 

Standard voltages, 293. 

Static over-potentials, 871. 

Steatite insulators, 124. 

Steel conductors, 116. 

-cored conductors, 113, 114. 
poles and towers, 120. 

Steinmetz, C. P., 68, 70, 379, 386, 386. 


Still, A., 122, 276, 289. 

Stirnimann, E., 110. 

Strain insulators, 132. 

Stranding, 104. 

effect of, on cdrona formula}, 150, 
152. 

on electrostatic stresses in cables, 
197, 211. 

on inductance formulae, 106. 
String efficiency, 136. 

Supporting structures. (See Poles, Towers.) 
Surge absorbers, 416. 

admittance and impedance, 356. 
Suspension insulators, 129, 132, 140. 
distribution of voltage over, 133. 
shielding and grading of, 137. 
Switching operations, pressure rises due to, 
372. 

Symmetrical components, 348. 
Synchronous motors, 160. 
phase modifiers, 162. 

determination of capacity of, 168, 
171, 175, 178. 

effect of, on transmission system, 
108, 165. 

numerical examples on, 169, 444. 

Tangential stresses, 208 , 221 . 
Temperature coefficient of resistance, 
IOC. 

effect of, on cable insulation, 188. 
rise of cables, 244, 261, 262, 264, 349. 
rise of overhead conductors, 291, 
349. 

Testing of cables, 282. 
of insulators, 146. 

Thermal resistance of cables, 244, 246, 
247, 251. 
of soil, 253. 

Thomas, P. H., 398. 

Three-condenser metliod of solution, 68. 
Three-phase overhead line, inductance and 
capacitance of, 28, 31. 
system, 2, 10, 13, 15. 

Thury system, 3. 

Time-lags, 308. 

ToiX)graphic circuit characteristics, 70. 
Torque comj)ensator, 310, 314. 

Towers, steel, 120. 

Tracking mechanism in cables, 221. 
Transformers, composite circuit of line 
and, 442. 

equivalent circuit of, 48, 439. 
pressure rises in, 381. 

Trauslay protection, 328. 

Transposition of conductors, 31, 121. 
Transverter, 3. 

Travelling waves, 3G2, 363, 371, 383, 385. 
Two-phase system, 9, 18. 
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/HTBALANOED FauJte, 347. 
Underground cables. Gables.) 
versus overhead lines, 5. 


V CURVE of dielectric losses, 214. 
of synchronous motors, 160. 

Vector diagram for long line, 83, 85,171. 
for short line, 36. 

Velocity of propagation of electric waves, 
358, 361. 

Void formation in cables, 217. 

Voltage, 

choice of, 179, 284, 288, 292. 
control, 159. 
disruptive critical, 149. 
distribution on long line, 95. 
distribution over suspension-insulator 
string, 133. 

economic limits for, 284. , 

regulators, 160, 163, 346, 449. ] 


! Voltage ( cont . y, 

solution, graphical for long line, 88, 
171. 

visual critical, 161. 

Voltages, non-sinusoidal, 100,167, 169. 
preseut-day, 16. 
standard, 293. 


W 


AGNER, C. P.. 345. 

Walton, E. C., 115. 

Water-jet earthing resistances, 421. 
Waves, travelling, 362, 863, 371, 383, 385. 
Wedmore, E. B., 317, 821. 

Westinghouse Co., 304, 313, 406. 
Whitehead, J. B., 386, 424. 

Whitehead, S., 34, 267, 268. 

Wilson, H. R., 343. 

Wire, ground, 388. 

Wires. (See Conductors.) 

Wood poles, 119. 

WuBTS, A. J., 390. 





